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Abstract 
Oxidant production in exercise was investigated with the aim of determining whether certain 
exercise intensities could cause increases in post exercise concentrations of urinary free radical 
markers, when compared to pre-exercise marker concentrations, by use of a simple, easy to 
repeat study. Subjects exercised at a variety of set percentages of maximum oxygen intake 
capacity (V02 Max) for 30 minutes, following which urine samples were taken at scheduled time 
points for up to 24 hours. Samples were analysed for markers of free radical damage to cellular 
structures. No significant differences in concentrations were found between individual sample 
time-points in each urinary free radical marker (p=>O.OS). However urinary concentrations of 
each marker were significantly different (p=<O.OS). For all urinary markers analysed there was a 
significant difference in concentrations between exercise at an intensities of 1 00% V02 Max and 
85% V02 Max (p=<O.OS). Also observed was a general pattern of concentration changes over 
the 24 hours, for all urinary markers. Oxidant production was also studied in a group of Free 
Divers as they competed in three classes in a World Championship free dive event. Subjects 
gave urine samples pre-dive and post-dive which were analysed for markers of free radical 
damage to cellular structures, as before. Of the three classes studied, the Static event 
consistently produced the highest concentrations of urinary markers, possibly due to a weaker 
'dive reflex' response in the divers. The results of both studies demonstrate that concentrations 
of urinary markers of free radical damage are unique to each individual. However, the significant 
differences found between markers show that different forms and intensities of exercise 
produce different magnitudes of free radical markers in the urine. Such analysis can provide 
useful information into how different intensities of exercise may influence general health. 
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Part One 
Chapter One 
1. Introduction to Free Radicals 
1.1 The Reactive Oxygen Species 
The ability of cellular mitochondria to utilise oxygen as an energy source is due to a long 
evolutionary process. Ironically organisms now not only tolerate, but rely on molecular oxygen, 
once extremely lethal to ancestral species that were largely dependent on gases such as nitrogen 
and hydrogen. Oxygen is utilised by living creatures for the synthesis of energy, namely ATP, for 
use in metabolic processes. However, oxygen is potentially harmful, capable of causing damage 
to many cellular structures. 
Molecular oxygen, or 'dioxygen' to give it its proper term, is toxic to almost all forms of life once 
present at greater than atmospheric levels (20.9%), (Fridovich , 1979; Punchard and Kelly, 1996). 
There is then, a fine balance between oxygen aiding our survival and causing impairment of 
biological processes. Oxygen's ability to effect harm on living (and non-living) things is largely due 
to the generation of oxygen intermediates known as reactive oxygen species (ROS), during many 
chemical and biological reactions. ROS are all more strongly oxidising than molecular oxygen and 
are toxic to living things in varying degrees. Hydrogen peroxide (H20 2) , singlet oxygen (,0 2) and 
hypochlorous acid (HOCI) are all examples of ROS, frequently generated during biological 
reactions. All ROS have the ability to further react with other chemicals within the body to create 
toxic molecules called 'free radicals' . For example H20 2, although fairly non-reactive, has the 
ability to cross cell membranes, where it can react with transition metals to create the noxious 
hydroxyl radical (HO·) 
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1.1.2 Oxygen Free Radicals -The OFRs 
Oxygen free radicals are part of the ROS group, but there is an important distinction between the 
term 'Reactive oxygen species' and 'free radicals' . 'Free radical ' is the term given to any 
molecule with unpaired electrons in the outer orbital that is capable of independent existence 
(Cooper, et a/2002; Kanter, 1994; Punchard and Kelly, 1996). Most free radicals have only one 
unpaired electron but some, such as ground state molecular oxygen contain two unpaired 
electrons. These unpaired electrons make free radicals highly reactive molecules. Their reactivity 
is largely due to the molecule's attempt to 'pair up' its single electron, whereby it scavenges or 
accepts electrons from other molecules and in doing so, generates further toxic and reactive 
molecules that can cause a chain reaction of events with the potential of causing cellular damage 
(Alessio, 1993). 
Figure 1: The Inert Atom and The Free Radical 
Atom with paired electrons 
Electron - Negatively Charged 
Proton - Positively Charged 
e Neutron- No Charge (neutral) 
Free Radical (one unpaired 
electron) with an 
unbalanced electrical 
In biological and biochemical research it is the usually oxygen free radicals (OFRs) that are 
primarily of interest, although nitrogen-centered free radicals (NFRs) have attracted more interest 
over the past two decades (Cooper eta/, 2002; Alderton eta/, 2001 ). Not all ROS are free 
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radicals, instead the term 'reactive oxygen species' refers to the fact that the molecules are 
strongly oxidising. For example, singlet oxygen, in its two states, delta and sigma, is highly 
reactive, and regularly acts as a precursor of the generation of free radicals , but its electrons are 
still paired. (Punchard and Kelly, 1996; Karlsson, 1997). 
The OFRs are an exclusive spectrum of reactive free radical intermediates. The abundance of 
oxygen in living cells and the ability of oxygen to readily accept electrons as it is reduced, enables 
the by-production of toxic and highly reactive oxygen centered free radicals, examples being the 
superoxide anion (02·) and the hydroxyl radical (HO·) OFRs therefore, are active as primary or 
secondary mediators in many free radical reactions (Alessio, 1993). 
Oxygen dependent organisms do have a defence against free radicals, known as the antioxidant 
system, which is discussed later in the chapter, which evolved as a consequence of the 
deleterious side effects of oxygen utilisation in respiration. But this defence system is imperfect, 
much like the body's use of oxygen and it can only quench a finite amount of ROS before being 
overwhelmed. This is particularly true when there is an increase in oxygen uptake, with research 
showing that the greater the quantity of oxygen inspired, the greater the rate of free radical 
production and thus, the greater the strain placed on the antioxidant system (Alessio eta/, 1999). 
There is a delicate balance then, in how the body makes use of oxygen. Free radicals are formed 
in many metabolic processes within the body, many of which research have discovered only in 
the past few decades. 
One of the most recognised sources of ROS is from the univalent pathway of the reduction of 
oxygen to water via the mitochondrial electron transport chain . In this process Adenosine 
diphosphate (ADP) is re-synthesised to Adenosine triphosphate (ATP) a primary energy source, 
by the energy contained in electrons released from nucleotides NADH and FADH generated in 
the Krebs cycle. When this system works efficiently, the electrons are shuttled down el ctron 
carriers called cytochromes and are accepted by oxygen, which combines with hydrogen to form 
ATP and water. However, this system is not 100% efficient and an electron 'leak' can occur. An 
estimated 1 to 5% of the total oxygen escapes simultaneous acceptance of four electrons and 
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instead enters stepwise single electron transfer, creating ROS such as superoxide and hydroxyl 
radicals (Kanter, 1996; Loft, 1993). This electron leak may be caused by the activity of quinones 
(ubiquinol), the enzymes responsible for catalysing electron transport from flavin-linked 
dehydrogenases such as succinate dehydrogenase, to cytochromes. This process reduces 
quinones to the semiquinone radical, which may interact with oxygen, donating its single electron 
and in doing so, generate superoxide and H20 2 (Karlsson, 1997; Portela and Stoppani, 1996). 
Processes that develop very high inter-mitochondrial membrane potentials, such as with 
succinate respiration , are usually able to generate superoxide in liberal amounts. 
Electrons may also leak from endoplasmic reticuluum in a similar fashion to that in mitochondrial 
respiration . Endoplasmic reticuluum are responsible for the transformation of various chemicals 
via an oxygen utilising electron transport system consisting of flavo and hemo-proteins. Research 
has found that a large generator of ROSin this system is the hemo-protein cytochrome P450. 
Activation of the cytochrome P450 can lead to formation of ·0 2 or 10 2 during its participation in the 
oxidation of certain polyunsaturated fatty acids (PUFAs) and also during its involvement in the 
degradation of pharmacological drugs, steroids and polycyclic aromatic hydrocarbons (PAHs}, 
(Sauer eta/, 2001 ; Gutierrez eta/, 1985). 
Functional defence mechanisms of the immune system can generate free radicals, but not as a 
consequence of inefficiency of the system. Indeed, the immune system relies on the generation of 
ROSin the attack on microbes and foreign material .Polymorphonuclear leukocytes such as 
neutrophils generate ROS upon binding to a microbe. Activation of cell surface enzyme NADPH-
oxidase then initiates a rapid increase in oxygen uptake in what is termed a 'respiratory burst'. 
During this large oxygen uptake, ROS such as H20 2 and ·0 2 are formed (Reaction 1) (Ching eta/, 
1995; Nicholls and Budd, 2000; Rowley, 1996). 
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NADPH Oxidase 
Reaction 1 NADPH + 2 02 -+ NADPH. +H. + 2 ·02 
These toxic agents are then used by the neutrophil to aid in the degradation of the foreign 
material during phagocytosis. This process is self amplifying as released ·02 reacts with plasma 
to produce a powerful chemotaxin, which serves to attract further neutrophils to the area. During 
this interaction with plasma however, ·02 may react with metal ions from proteins such as 
haemoglobin, released from erythrocytes during inflammation, resulting in the creation of hydroxyl 
radicals via a reaction known as the 'Fenton reaction' (Reaction 2) 
Reaction 2 Fe"+ + OW + HO" 
This reaction assumes that the production of Ho· is generated firstly by the reduction of ferric 
compounds by ·0 2, followed by a reduction of H202 to Ho· by the reduced ferric compound. 
Superoxide, hydroxyl radicals and hydrogen peroxide are utilised further during inflammatory 
processes to induce mobilisation of platelet activating factors (PAFs), increasing binding of 
phagocytes, including mast cells and neutrophils, to adhesion molecules on endothelial cells (Sen 
and Roy, 2001 ). The immune system is therefore both triggered by and produces free radicals. 
The adoption of oxygen toxicity utilisation by the immune system is a way of making use of all the 
potential capabilities of the gas, however the downside is that the oxygen radicals generated 
during the respiratory burst also have the prospective ability to damage and destroy not only the 
very neutrophils that produce them but also normal healthy cells and connective tissues in the 
immediate vicinity of their production. 
The generation of free radicals via oxygen is a consequence of aerobic metabolism. Ho ever, 
ROS can be generated in processes that are at least in part, anaerobic in nature. 
Free radicals are produced prolifically during the hypoxic conditions of ischemia-reperfusion injury 
which occurs as a result of cellular oxygen starvation followed by subsequent oxygen 
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replenishment. Good examples of this are stroke and acute myocardial infarction, where blood 
supply to tissues is temporarily (or sometimes permanently) blocked. In these circumstances 
there are two metabolic pathways that can potentially generate ROS. 
The first is a consequential activation of the immune system, as it responds to oxygen starved 
and damaged tissue. This can further aggravate inflammation and increase tissue damage by the 
processes previously discussed. The second but equally as important pathway that can lead to 
ROS induced damage during ischemia-reperfusion is the xanthine oxidase (XO) - hypoxanthine 
pathway (Hoshikawa eta/, 2001 ; Sauer eta/, 2001 ; Punchard and Kelly, 1996). When starved of 
oxygen, adenosine triphosphate is metabolised to xanthine and hypoxanthine and the enzyme 
xanthine dehydrogenase is converted into xanthine oxidase. On subsequent replenishment of 
oxygen, during reperfusion, the xanthine oxidase converts the xanthine and hypoxanthine to uric 
acid, but at the same time also creates superoxide anion (Cooper eta/, 2002). The generation of 
this radical is in part, responsible for tissue damage at sites of ischaemia-reperfusion. 
1.2 The Reactive Nitrogen Species (RNS) 
Similarly to oxygen, nitrogen has the capacity to either assist cellular function or damage it. 
Nitric oxide (NO) is produced enzymatically via a family of NO synthases (NOS). 
Research has identified three unique NOS isoforms, expressed as products of different genes 
which are referred to as nNos or NOS-1(in neuronal tissue), iNOS or NOS-2( wide ranging in 
cells) and eNOS or NOS-3 (in endothelial cells), (Alderton eta/, 2001 ; Reid , 2000) . These NOS 
receive electrons via NADPH which react with haem irons at the active site, catalysing the 
oxidation of L-arginine, NADPH and oxygen to citrulline and NADP respectively, with NO being 
produced as a result. 
nNos has a particular tendency to catalyse uncoupled NADPH oxidation during NO synthesis via 
L-arginine reduction, resulting in ·02 production. However, all NOS isoforms have the ability to 
produce reactive nitrogen species, depending purely on circumstance. 
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What is unclear is where NO appears in the pathway of events during NOS catalysis (Alderton et 
at, 2001 ). Although it has been determined that cells containing NOS produce NO, it is not certain 
whether NO is a direct product of NOS catalysis or if is a product of other RNS such as nitroxyl 
(NO-). 
Once generated however, NO readily reacts with ·0 2 to produce the highly noxious peroxynitrite 
(ONOO-). The nitroxyl radical is also capable of forming peroxynitrite during reactions with ·0 2 
(Reaction 3) 
Reaction 3 
Peroxynitrite has the ability to oxidise certain protein residues, in particular, tyrosine and 
tryptophan. It is the nitration of tyrosine residues that has been the subject of much recent 
research, as ONoo- inhibits the ability of tyrosine to regulate key enzyme activities in cellular 
signalling, in an irreversible reaction that renders these enzymes almost inactive. The nitration of 
tyrosine appears to be dependent on the availability of C02 and research suggests that tyrosine is 
nitrated more readily in the presence of C02 (Berlett and Stadtman, 1997). 
NOS activity has been shown to accompany mitochondrial Ca2+ uptake during Ca2+ induced 
apoptosis (controlled cell death). This process leads to ONoo- formation which can further 
activate the release of cytochrome c, another trigger of cell death (Ghafourifar et a/, 1999) 
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1.3 Free radical mediated cellular damage 
1.3.1 Free radical damage to cell lipids 
Free radicals, once generated have the potential to cause sometimes irreversible damage to 
lipids, proteins and nucleic acids (Kanter, 1994; Sen, 2001 ; Cooper eta/, 2002). The 
consequences of such damage are being associated with degenerative and age-related diseases 
such as cancer, rheumatoid arthritis, heart disease and cataracts and also with inflammation and 
tissue damage (Loft eta/, 1993; Kanter, 1994; Nicholls and Budd, 2000). 
Membrane lipids present a target for free radicals and are readily oxidised by a chain reaction of 
ROS attack. Modification of membrane lipids is termed 'lipid peroxidation' and its occurrence 
leads to changes in lipid structure and associated enzyme activity, often leading to death of the 
affected cells (Slater, 1979; Alessio, 1992; Waypa eta/, 2000). 
Membranes are highly susceptible to free radical attack due to their large fat content, with the 
polyunsaturated fats (PUFAs) in the membranes being particularly at risk from attack from ROS. 
This predisposition to ROS attack is increased if the membranes also contain high iron content. 
PUFAs are found in most membrane structures, including highly respiring cellular components 
such as mitochondria and endoplasmic reticuluum. Intact, the redox potential (t.p) of a membrane 
is directly linked to the amount of free radical damage the membrane may sustain , as it is t.p that 
determines whether 02 is reduced to water, or whether potentially damaging oxidation occurs 
(Nicholls and Budd, 2000; Cooper eta/, 2002). Therefore, mitochondrial membrane lipids are very 
open to a constant free radical attack. ROS damaged mitochondria, or mitochondria under attack 
from ROS can often be stimulated to release certain factors that can induce apoptosis (Phaneuf 
and Leeuwenburgh, 2001 ). 
Lipid peroxidation occurs when a radical such as superoxide, reacts with a PUFA and xtracts a 
proton to form the PUFA radical. This then leads to a chain reaction of events all propagated by 
further oxygen radicals, that leads to the breakdown of the PUFA, resulting in production of 
degradation products and various hydroperoxides such as malondealdehyde (Reaction 4). 
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Reaction 4 ·02 + PUFA ~ PUFA 
1.3.2 Free radical damage to Deoxyribonucleic Acid (DNA) 
Free radical damage to deoxyribonucleic acid is strongly associated with diseases such as 
cancer and rheumatoid arthritis. DNA is a polymer, made up of the nucleotide bases adenosine, 
guanosine, cytosine and thymine attached to a 'backbone' of deoxyribose and phosphate groups. 
These components form a double stranded helix with the polar sugar-phosphate backbone on the 
outside of the helix and the bases stacked up in pairs on the inside. The normal base-pairing 
sequence is deoxyadenosine (dA) with deoxythymine (dT) and deoxyguanosine (dG) with 
deoxycytosine (dC). 
During free radical attack, the bases can be modified, resulting in incorrect base-pairing or bases 
being released from the DNA structure, causing strand breaks. As the DNA blueprint is required 
for cellular renewal and division, such disruptions to the DNA sequence can cause mutations and 
cell death. 
The deoxyguanosine base is particularly susceptible to ROS damage. Singlet oxygen is the 
precursor of modification to dG as it readily reacts with the hydroxyl-carbon group at position C8 
(C =Carbon atom) in the guanosine structure. However, hydroxyl radicals are also responsible 
for attack on all of the bases, which can lead to base distortion and mutation (Marczynski et at, 
2002; Loft eta/, 1993; Loft eta/, 1995). 
1.3.3 Free Radical damage to Proteins. 
Protein oxidation, similarly to lipid peroxidation is often determined by metal-catalysed oxidation. 
In particular, amino acid residues such as lysine, arginine and histidine are sensitive to ROS 
attack (Packer, 1997). In particular it is the 02· and ·OH oxygen radicals and peroxynitri e 
(ONOO-) that appear to instigate much of the damage to proteins. 
Protein oxidation leads to protein carbonyl formation on the side chains of proteins and is largely 
irreparable, with many of the damaged proteins becoming susceptible to proteolytic degradation 
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(Davies, 1987). Such damage has been implicated in cellular aging and the magnitude of 
oxidised protein found in tissues is thought to increase with age. The accumulation of oxidized 
proteins and carbonyl formation has been seen in a variety of age-related and degenerative 
diseases including arthritis, Alzheimer's and Parkinson's disease (Sen, 2001 ; Berlett and 
Stadtman, 1997). 
ROS attack can be detrimental to efficient cell signalling, causing for example, a loss of specific 
receptors on phagocytic cells, disrupting cellular transmissions between immune cells and 
impairing immune function (Hughes, 2000). 
Although free radicals are generated as a part of normal metabolism, certain factors can increase 
their production rate. Disease for example, will increase ROS and RNS due to the increase in 
immune response, associated inflammation and cellular mutation. Malnutrition, injury and acute 
and chronic exercise can also increase free radical production rate (Berlett and Stadtman, 1997; 
Lee eta/, 2002; Leaf eta/, 1997) 
Chapter Two 
1.4 The Essential Free Radicals! 
Despite their ability to cause damage to cells and tissues, ROS and RNS are important mediators 
in intracellular and signalling processes. ROS such as H202 have been shown to promote cell 
proliferation and differentiation (Cooper at a/, 2002; Punchard and Kelly, 1996) and are therefore 
thought to be essential in maintaining the growth of cells. Research suggests that the phagocytic 
NADPH oxidase may serve as an oxygen sensor in tissue hypoxia (Sanders, 2002), acting along 
with other ROS to assist in the killing and digestion of microbes. 
NO may also be involved in signalling processes and has been found to be a potent vasodilator. 
Chapter Three 
1.5 Antioxidants: The body's defence system 
Living organisms would not be able to cope with the constant free radical attacks to cellular 
structures without some kind of defence system. As many organisms evolved to use oxygen as a 
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source of fuel , so they also evolved an elaborate defence system to help neutralise any oxygen 
free radicals generated through normal metabolic processes and so limit damage potential. 
This system is composed of scavenger enzymes and co-enzymes, dietary vitamins and 
macronutrients, collectively known as antioxidants (Kelly, 2001 ; Kanter, 1994; Sen, 2001 ). 
Enzymes work to quench toxic free radicals by converting them to less toxic products in a step-
wise manner, which can be either redox or non-redox based (Packer, 1997). For example, 
superoxide anion, produced via several different metabolic pathways, is scavenged by the 
enzyme superoxide dismutase (SOD) and is converted to hydrogen peroxide (H20 2) . The 
hydrogen peroxide is further catalysed to water by catalase (CAT) or glutathione peroxidase 
(GP) . In order to function effectively these enzymes require certain minerals and co-enzymes 
such as selenium (assists GP) and zinc (assists SOD). 
The ability of many antioxidants to scavenge free radicals, is based upon their phenol structure. 
Many have a benzene ring with an OH group attached by a double !:>ond. This structure enables 
the antioxidants to pair up the unpaired electron of a free radical with ease (Karlsson, 1997). 
Most antioxidants are dietary vitamins and macronutrients and these work intra and extra-
cellularly to neutralise ROS. Antioxidant enzymes are not distributed evenly throughout the body 
however. Antioxidant concentration is directly related to oxygen consumption. Therefore areas of 
the body that have high levels of oxygen utilisation, such as the brain and the heart, have higher 
levels of antioxidants available in their tissues. 
Vitamin E 
Vitamin E (tocopherol) is a group of fat soluble nutrients that work within the lipid membrane to 
quench singlet oxygen. Vitamin E functions along with vitamin Q, to stabilise electron flow with in 
the mitochondrial electron transport chain and restricts the oxidation of polyunsaturated fats 
within membranes (Williams and Devlin , 1994). It achieves this by breaking the lipid peroxidation 
pathway, converting lipid peroxyl radicals into hydrogen peroxide, whilst itself being converted to 
the un-reactive vitamin E radical. Good sources of vitamin E are vegetable oils, fish and eggs 
(Brody, 1999). It has been the subject of much research in the past decade, due to its ability to 
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efficiently decrease lipid peroxidation and therefore protect against cellular and tissue damage 
(Packer, 1997; Hughes, 2000) . Vitamin E has been demonstrated to reduce LDL (Low density 
lipoprotein) oxidation and also decrease IL-1 induced leukocyte adhesion to endothelial cells (Sen 
and Roy, 2001 ). Such protection of the immune system by vitamin E is thought to occur via its 
ability to regulate inflammatory processes; as it inhibits the activation by ROS, of NF-Kb factor, 
needed for the activation of cytokine production. Such stimulation of NF-kB and pro-inflammatory 
cytokines is thought to be a factor in the aging process (Hughes, 2000) . 
Co-enzyme 10 
Lipid soluble vitamin Q (Co-enzyme Q10/ ubiquinone), located within the mitochondria, has 
attracted much attention in recent years and research suggests that it plays a vital role in limiting 
tissue damage by creatine kinase and lactate dehydrogenase following exercise (Sen, 2001 ). It 
also has the ability to keep other vitamins in reduced states, thus functioning as antioxidants (for 
example, it regenerates the vitamin E radical back to its antioxidant state via reduction), as well 
as playing an influential role over the electron transport chain (Karlsson, 1997; Williams and 
Devlin, 1994). Because much free radical formation is at lipid membranes, the lipid soluble 
vitamins are the first line defence against radical damage (Karlsson, 1997). However, certain ROS 
can permeate cellular membrane structures and enter the cytosol. Hydrogen peroxide is a good 
example of this. 
Vitamin C 
Vitamin C (ascorbic acid and dehydroascorbic acid) is a vital water soluble vitamin, synthesized in 
most mammals from glucose. Humans (along with a small number of other mammals) however 
lack a vital enzyme, found in the kidney of most mammals, which is required for vitamin C 
synthesis and so adequate intake of this vitamin from diet is imperative. It is thought that vitamin 
C acts to protect cellular components by donating H atoms to oxidants such as superoxide and 
hypochlorous acid and thus neutralising any damaging effects they may have. During this 
process, it is converted to dehydroascorbic acid, which further recycled by the antioxidant 
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glutathione (Packer, 1997). Vitamin C also function to regenerate Vitamin E from its radical state, 
reverting it to its active form (Brody, 1999; Packer, 1997). Vitamin Cis utilised highly by the 
immune system, particularly during periods of infection. It is also used by the adrenal glands for 
the synthesis of catecholamines and as such is found in high concentrations in the adrenal 
glands. 
Carotinoid& and Flavonoid& 
Carotinoids and flavonoids are groups of antioxidants that have either their own protective 
qualities, or act as precursors to other vitamins, or indeed provide both functions. Carotinoids are 
precursors of vitamin A but also serve to quench free radicals. Flavonoids have been shown to be 
effective in the reduction of circulating cholesterol levels by inhibiting LDL (low density lipoprotein) 
oxidation. 
Vitamin E along with beta carotene and vitamin C are considered to be amongst the most 
important nutrients for protection against degenerative diseases. There is much debate on how 
much of these vitamins the human population should consume. With the ready supply of vitamin 
supplements available there is the potential for people to ingest megadoses of vitamins with 
potential toxic side effects. 
The recommended daily vitamin C intake is 60mg and for vitamin E it is 1 Omg (Brody, 1999). 
Literature and studies suggest that megadoses of vitamin C may be toxic and has been linked to 
arthescleorsis and kidney stones (Burke and Berning, 1996). It may also have an influence on the 
absorption of other vitamins and has been linked to impairment of liver function (Wootton, 1994). 
Fat soluble vitamins (A,D,E,K) may also have toxic side effects if consumed in large doses. This 
is due to the body's ability to store these vitamins in body tissues; for example in the liver. 
Although no side effects have been found with megadoses of vitamin E. vitamin A has een 
found to cause liver damage if consumed in high doses (Wootton, 1994). 
There are many other antioxidants, with this example showing but a few of the better known 
ones. Studies report that thiol antioxidants such as N-acetylcysteine (NAC) and pyrrolidine 
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dithiocarbamate (PDTC) are important in the regulation of cell adhesion and inflammatory 
processes, NAC having been shown to inhibit ICAM-1 expression, as mediated by cytokines and 
PDTC effective in inhibition ofVCAM-1 expression (Packer, 1997; Sen and Roy, 2001) . 
Studies are increasing in the field of antioxidants and their effect on exercise and aging and such 
research is beginning to highlight how vital they are for so many of the body's functions. 
Chapter Four 
1.6 Reactive oxygen species and exercise 
Free radicals are produced during normal, functional metabolism and in exercise the effect is 
exaggerated, largely due to the amount of oxygen inspired and because of the enhanced 
biological functions that occur as the body adapts to the demands of exercise, such as the 
increase in oxidative capacity of muscle due to a general increase in mitochondrial content, 
mitochondrial enzymes and 13-oxidative pathways (Starritt eta/, 1999; Dudley eta/, 1982). 
Because of this there is an associated increase in ROS production during exercise and this has 
generated an escalating interest by exercise scientists in the effect of ROS during exercise and 
the types of exercise that stimulate it. 
During exercise whole body oxygen flux can increase up to 200 fold in the peripheral muscles 
fibres (Sen, 2001; Packer, 1997). This large increase in oxygen utilisation causes an elevation in 
the production of reactive oxygen species via electron 'leakage' in the mitochondria (Ashton eta/, 
1999), which leads to oxidant mediated lipid peroxidation. It has been estimated that one radical 
is produced per 25 oxygen molecules reduced and that hydrogen peroxide formation is directly 
linked to energy production (Kanter, 1994). It is therefore realistic to guess that during exercise, 
the rate of free radical production will increase significantly and that increases in oxidant damage 
will follow. Indeed Reid (2000), found that superoxide anion increased 4-fold in repeatedly 
contracted muscle. 
Alterations to the immune system during after exercise are also believed to play an important 
origin of ROS (Nieman eta/, 2001; Waypa eta/, 2000). Exercise increases the mobilisation of 
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leukocyte subpopulations, with concentrations of neutrophils and lymphocytes increasing during 
exercise. Although lymphocyte concentrations fall again after exercise has ceased, neutrophil 
concentration continues to rise (Pederson eta/, 1999). Neutrophils, account for between 50-60% 
of circulating lymphocytes and are crucial to host defence. Any tissue damage and inflammation 
sustained throughout exercise prompts respiratory bursts of superoxide anion, generated via 
release of NADPH oxidase from the increased numbers of such invading neutrophils. 
Corresponding decreases in lymphocyte concentration could lead to a reduction in the ability of 
the cells to reproduce and form immunoglobins. This activation of the immune system may only 
further add to the magnitude of tissue damage sustained (Alessio, 1992; Cooper eta/, 2002). 
Two further important generators of free radicals during exercise are the oxidation of 
catecholamines and ischemia-reperfusion injury. During exercise, there is a substantial increase 
in catecholamine production due to stimulation of the sympathetic nervous system. The 
neurotransmitters dopamine and noradrenaline and the hormone adrenaline are secreted via the 
post ganglionic nerves and adrenal medulla respectively, to activate an increase in card iac 
response and to regulate via inhibition or activation, certain systems of the body (such as the 
inhibitory effect on peristalsis). Catecholamine increase is linear to duration of exercise and is 
exponential with intensity (Pederson and Hoffman-Goetz, 2000). These regulatory mechanisms 
are activated to optimise the body's response to exercise demand and are also link to 'fight and 
flight' responses. Catecholamine increase during exercise is significant and is increased further 
during periods of stressful exercise such as those experienced by athletes during competitions 
(Rincon eta/, 2001 ). Auto-oxidation of catecholamines during and after exercise appears to occur 
via the generation of superoxide anion (Petibois eta/, 2002) and is an important factor in the 
overall ROS production during exercise. Catecholamines have the ability to increase oxidative 
pathways by influencing the ~-adrenergic receptors. 
Catecholamine increase may also be partly responsible for changes in immune factors during 
exercise. Catecholamine signalling is evident in many cells such as macrophages, neutrophils, 
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NK and B cells via their expression of ~-receptors . For example, NK activity appears to be 
inhibited by adrenaline in vitro (Pederson and Hottman-Goetz, 2000) Catecholamines may 
therefore exert an influence over leukocyte traffic during exercise, with research suggesting their 
involvement in immune regulation (Pizza eta/, 1995). 
The hypoxic conditions in the peripheral musculature and can lead to ROS production. During 
exercise, the peripheral tissues are metabolising in a relatively hypoxic environment and it is 
thought that a certain amount of ischemia-reperfusion injury can occur with repeated muscle 
contraction and during any consequential inflammation (Alessio, 1992) 
The level of exercise mediated damage seems to be linked to exercise duration and intensity. It 
has been shown that damage to lipids, proteins, DNA and changes in the immune system are all 
pronounced after acute, prolonged exercise rather than after moderate or low impact exercise 
(Pedersen eta/, 1999; Sugiura eta/, 2001 ; Leaf eta/, 1997; Hsu et al, 2002). Glutamine, an 
amino acid in skeletal muscle is used for a wide variety of processes such as nitrogen 
transportation for nucleotide and protein biosynthesis, acid base balance regulation and as a 
prime fuel for leukocytes, has been shown to decrease in plasma following prolonged exercise 
(Walsh eta/, 1998) Its decrease has implicated its possible role in the impairment of the immune 
system as seen in endurance athletes, who have a much higher susceptibility to infection than 
those who participate in moderate exercise. Whereas low impact and moderate exercise are 
seen to improve immune function, prolonged and acute exercise have been shown to impair 
immune function for up to 72 hours post-exercise, resulting in an increase in upper respiratory 
track infection (URTis), viral and bacterial infection occurrence amongst athletes and individuals 
who train at high intensity levels (Sugiura eta/, 2001 ; Petibois eta/, 2002). 
Respiratory bursts and thus an increase in free radical species production from immune cells, is 
frequently reported in high intensity and prolonged exercise. Studies by Pizza eta/, (1995) and 
Hsu et al, (2002) report an increase in leukocyte and lymphocyte circulation following exercise at 
70% of V02. Max (maximal oxygen uptake). For the duration of the first 30 minutes of exercise, 
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there is an increase in natural killer cells and T and B lymphocytes into circulation , believed to be 
aided by a lowering of activity from adhesion cells (Sen and Roy, 2000) . Such activation of the 
immune system may well lead to an increased risk of damage to muscle tissue from associated 
immune respiratory bursts. 
Research also reports of increases in levels of pro and anti-inflammatory cytokines, that regulate 
activity of adhesion molecules during leukocyte invasion at areas of injury, after acute and chronic 
exercise with pronounced increases in levels of lnterleukins1 (IL-1), 2 (IL-2) and 6 (IL-6), 
(Pederson and Hoffman-Goetz, 2000) . 
Another process that appears to increase following strenuous exercise is apoptosis. During acute 
and intensive exercise, there is a rise in cytosolic calcium and glucocortoids as well as the rise in 
ROS. All of these factors are apoptogenic (Ghafourifar eta/, 1999). Gene expression of pro and 
anti-apoptotic proteins control the initiation of apoptosis and this could well be altered by damage 
to nucleotides sustained from ROS production. Apoptosis may be further triggered by the release 
of cytochrome c and AIF from heavily respiring and ROS damagf~d mitochondria (Phaneuf and 
Leeuwenburgh, 2001) 
There is less research studying the effects of eccentric exercise on free radical production rate, 
however it has been shown to elevate immune responses leading to oxidative bursts and thus the 
generation of raised levels of free radicals and also shows an increase in protein carbonyl 
formation (Lee eta/, 2002 ). Eccentric exercise produces tension in a stretched muscle, as often 
occurs during resistance training. This can lead to myofibrillar damage, mitochondrial swelling , 
rupturing of the cells and finally necrotic cell death (Phaneuf and Leewenburgh, 2001) or cells 
with a greatly impaired ability to utilise glycogen and oxygen (Walsh eta/, 2001). Research shows 
that eccentric exercise can lead to an increase in cytokine activity, which may induce stimulation 
of superoxide production and xanthine oxidase pathways (Brickson eta/, 2001 ). 
There is also little research investigating the effects of fatigue on oxidant production. Dunng 
endurance exercise, carbohydrate stores can become depleted, leading to an exercise-induced 
hypoglycaemia. This concludes in a reduced ability to utilise glycolysis as means of energy 
production. As a consequence, protein (purine nucleotide) metabolism would fuel the hydrolysis 
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of ATP. This has been shown to release high levels of xanthine oxidase and hypoxanthine, which 
may interact and yield superoxide (Petibois, 2002). 
The large increases in ROS experienced by the body during exercise, lead to adaptation by the 
antioxidant system. Research suggests that moderate and endurance exercise training increases 
the activity of enzymatic antioxidants within the muscle fibres, which have relatively low levels of 
antioxidants in comparison to tissues found in the major organs (Kanter, 1994). This is likely to be 
due to their increase in oxygen consumption, as antioxidant levels are directly related to th is. 
Muscle glutathione peroxidase and catalase activity is found to increase proportionally to the 
amount of exercise undertaken. Plasma levels of vitamin C and vitamif1 E have also been found 
to rise after exercise (Cooper at a/, 2002; Poulsen eta/, 1996). Studies seem to agree that the 
largest adaptive response to exercise is located in skeletal muscles rather than in areas such as 
the heart and the brain, where antioxidant activity appears to be minimally effected or un-effected 
by exercise. This may seem an obvious occurrence, as exercising muscles will be utilising large 
quantities of oxygen and must therefore protect against free radical damage. 
However, some forms of exercise may lead to an imbalance between the production rate of free 
radicals and the availability and function of antioxidants. When free radical production is too high, 
antioxidants are unable to neutralise all of the oxidants produced and this is when damage to 
tissues and the immune system may occur. This is termed 'oxidative stress' 
As many of the necessary antioxidants come from diet, it is essential that individuals on moderate 
and heavy exercise programmes, uptake their dietary intake of antioxidant-rich food, such as 
fruits, vegetables, nuts. fish and eggs. 
The past decade has seen a huge surge in the use of vitamin supplements in pill and tablet form. 
However, research into their benefits has resulted in confusion , with much research suggesting 
that supplements have no positive effects on health. The need for athletes to maintain antioxidant 
intake has lead to a number of intervention studies, predominantly investigating the effects of a-
tocopherol and ascorbic acid on the immune system and rate of free radical production. Again, 
results have been conflicting. In a study investigating the effects of vitamin C on immune changes 
after an ultramarathon, Nieman eta/ (2002) found that although there were significantly higher 
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levels of vitamin C in the plasma, there were no changes in levels of lipid hydroperoxides, P 
Prostaglandins, and no significant difference in circulation of immune cells or interleukins. 
Aston eta/, (1999) however, found that vitamin C was beneficial in preventing increases in free 
radical biomarkers following exercise. Dietary N-acetlcysteine, pyrrolidine dithiocarbamate and 
lipoic acid have also all shown to be active against exercise induced oxidative stress (Khanna et 
a/, 1999; Sen eta/, 1994). 
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1.7 Impacts of environmental stressors on oxidant production. 
Not all mediators of ROS creation are endogenous. Many external factors will have an impact on 
the rate of free radical production. Polycyclic aromatic hydrocarbons (PAHs), smoking and UV 
have all been implicated in chemical carcinogenesis via oxidation processes, possibly through the 
NADPH-dependent cytochrome P450 reductase. 
For example, in a study by Loft eta/ (1993) smokers were shown to excrete 50% more of a 
specific biomarker of oxidant production (8-hydroxydeoxyguanosine) in their urine than non-
smokers. Similar findings have also been observed in workers exposed to PAHs ( Marczynski, et 
a/2002) . 
Many other exogenous factors may also influence the rate of oxidant production, for example, 
extremes of temperature, altitude or pressure, but there is little research to provide any evidence 
of this. Most of the research conducted in the area of oxidant production in exercise is aimed at 
investigating the effects of endogenous events that lead to increased free rad ical mediated 
damage. Whereas, most of the studies exploring the effect of extreme conditions on the body are 
monitoring adaptations such as blood fluid adaptation and cardio-respiratory variation, rather than 
discrete biochemical changes. 
A few studies have looked at extremes of temperature on cellular adaptation, such as Mitchell et 
a/ (2002) investigation into body temperature during exercise and its effect on mitochondrial 
adaptation. Muscle mitochondria content was established by measurement of cytochromes c 
oxidase levels. It is reported that adjusting the environmental temperature to maintain resting 
body temperatures, during exercise increased cytochrome levels and mitochondrial biogenesis. 
Rats exercising in higher temperatures had much less of an increase. As mitochondrial content 
has an influence on the amount of OFRs generated, such results may suggest that temperature 
differences can affect free radical production rate. 
A few other studies hint at increases in oxidant production in humans exercising or working under 
extreme environmental conditions. Pilots are exposed to high levels of radiation of flying at certain 
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heights. This may lead to an increase in free radical mediated cellular damage and thus an 
increase in the risk of developing degenerative diseases. Fighter pilots, divers and astronauts all 
experience fluid shifts within the body, due to extreme gravitational or atmospheric pressures 
exerted on them. Free radical production in diving is largely un-researched but others (Buckland , 
2002) have attempted to establish a link between increase membrane lipid damage and 
hemodynamics in fighter pilots. Altitude is another environmental factor that has been implicated 
in the increase in oxidant generation (Kanter, 1994). However, most of these topics remain 
largely un-researched. 
1.7.1 Free radical production in free divers 
Free diving is a sport that exerts on the human body, a certain amount of extreme physiological 
demands. Free diving requires the individual to hold their breath whilst diving, eliminating the use 
of any kind of respiratory aid. 
Breath hold or 'apnoea' induces a fascinating range of physiological responses that are thought to 
have been a product of evolution and humans' ancient connections to the sea (Mukhtar and 
Patrick, 1986). However, it is not only apnoea that brings about physiological adaptations during 
diving but also the environment itself. The coldness of the water, exercising against the water 
mass and the increase in atmospheric pressure as a person dives; all exert large pressure on 
physiological systems which must adapt rapidly. 
1.7.2 Physiological adaptations and limitations 
Breath hold diving possess its history far further back than in the free diving 'sport'. This method 
of diving has been utilised for centuries by pearl and sponge divers from amongst other countries, 
Japan, Korea and more recently, Australia. It is data recorded from the study of these diving 
professionals that forms much of the knowledge base on free diving that exists today. 
Compared to many mammals, humans have a very poor ability to dive. Our bodies are not 
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conformed to the seas; we have little fat content and can not easily control core body temperature 
in cold waters, we have very limited ability to hold our breath and also a very limited ability to deal 
with the extreme pressure exerted on the body at depths of over 1 0 metres, where atmospheric 
pressure starts to increase at a rate of 1 atmosphere per 10 meters. Like the water in the seas, 
the water in the human body is fairly uncompressible and so is not affected greatly by the 
pressures of the water. It is the air filled spaces (ears, lungs) with in the body that suffer through 
the increased external pressure and it is within these areas that much of the force of the 
increased water pressure can be felt by divers. 
Humans, although poor breath hold divers, do exhibit what is termed the 'mammalian dive reflex'. 
Although this reflex may not be as strong as some mammals, it is a very significant physiological 
adaptation for the human body. When a human dives, the state of apnoea causes a rise in 
alveolar pC02 and a decrease in p02, as oxygen is used up and carbon dioxide released as a by-
product of respiration but is not removed from the body via the lungs. The brain does not tolerate 
any lack of oxygen and such rise in blood bound carbon dioxide is detected by chemoreceptors in 
the aortic bodies and brain, triggering an overwhelming reflex to breath . The point at which th is 
reflex sets in is usually at around 30-40 seconds after the beginning of breath hold, when the 
pC02 at the brain stem reaches a critical level (Lin, 1988) as carbonic acid is produced by the 
combination of carbon dioxide and water and the pH of the cerebrospinal flu id (CSF) as a result, 
begins to fall. This desire to breath is often seen and felt as a diaphragm contraction in divers. 
The body begins to adapt to this harsh environment by several rapid and large physiological 
changes. Perhaps the most pronounced of these is the circulatory changes. As the body is 
attempting to survive, it must continue to feed oxygen to the most major and oxygen requ iring 
organs. Many of the major organs do not readily tolerate a lack of oxygen, but comparatively, the 
most important are of course, the heart and the brain. Peripheral vasoconstriction .;urs as blood 
is shunted away from the muscles to the vital organs, resulting in a fluid shift of blood to the 
thoracic region , causing enlargement of blood vessels in the chest and an increase in venous 
blood pressure (Ferretti and Costa, 2003). As the lungs are squeezed, so the residual volume 
decreases and with the lungs now taking up a much less room in the thoracic cavity, blood is 
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likewise squeezed into the area to fill up the air space. Tissue damage is a prominent risk during 
extreme lung squeeze and is imminent if lung volume decreases to below residual volume 
(McArdle et a/1997). As the diver descends there is a large increase in diastolic cardiac loading. 
This fluid shift 'tricks' the brain into thinking that hypervolemia has occurred as the heart's 
mechanoreceptors send messages to the hypothalamus informing of increase in blood volume. 
Where in essence such increase is only local, a fluid shift of this nature towards the thoracic 
region can still dramatically increase the heart's stroke volume. 
This also triggers another large circulatory adaptation; an enormous dilation of the central 
cerebral artery of the brain. This action is necessary to provide sufficient oxygen and protect the 
brains anaerobic intolerant cells. 
The temperature of the water has much to do with how the body reacts to a dive. At human 
thermoneutral temperature (35°C), where heat is neither gained nor lost, there is much less of a 
change in heart rate than in cold water. One of the most researched areas of diving physiology is 
cardiac bradycardia. Immersion in cold waters triggers a pronounced slowing of the heart, part of 
the mammalian dive reflex, a process that conserves energy and oxygen. This response is due to 
the increase in vagal tone, as circulatory response rapidly adapts to the new environment. 
Bradycardia is further enhanced by exercising in apnoea. Research has found that bradycardia is 
more marked where there is an increase catecholamine stimulus from the sympathetic system 
(Lin, 1988) .Yet another adaptation is that of the spleen. During breath hold diving, the spleen 
acts as a blood reservoir. This effect is not immediate and may take half an hour to fully adapt. 
The spleen has been shown to actually shrink in breath hold divers, particularly professional 
divers such as Amas from Japan and Korea (Hurford eta/, 1990; Bakoric eta/, 2003). At the 
same time, haematocrit rises as does haemoglobin, giving a greater affinity for oxygen uptake 
from the blood and thus assisting in oxygen supply to the vital organs. 
In summary, the dive reflexes induce physiological adaptations in the body in order to conserve 
oxygen and delay onset of hypoxia, primarily these are bradycardia, peripheral vasoconstriction 
and an increase in catecholamine release (Foster and Sheel, 2005) 
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1.7.3 Competitive free diving 
In competitive free diving, the divers are not simply in and out of the water to perform their dive. 
Participants in the sport are often in the water for well over an hour. This is due to practice dives 
immediately before the dive time and also afterwards to help marshall other competitors. 
Competitive free divers face all the associated dangers inherent with diving. However, the risks 
can be maximised as individuals attempt to push themselves to physiological limits. One practice 
amongst free divers to prolong dive time is pre-dive hyperventilation. Immediately before dive 
time, the divers will hyperventilate to lower blood pC02 (Craig, 1976). The breakpoint during 
apnoea, where there is a very strong desire to breath is at an arterial PC02 of approximately 50 
mm Hg. At this point there is a severe danger of fits or black outs if oxygen is not restored. 
Therefore, to prolong carbon dioxide levels reaching this critical limit for as long as possible, 
divers attempt to instigate hypocapnia. Resting levels of 40 mm Hg can be reduced to as little as 
15 mm Hg (McArdle eta/, 1996) by hyperventilation. Such low levels of carbon dioxide diminish 
the desire to breath. Oxygen is still delivered to the muscles and organs as the diver descends, 
due to increase in alveolar pressure as the thorax is compressed and carbon dioxide is shunted 
away to the lungs as normal in gaseous exchange. Because carbon dioxide levels are low, the 
diver remains without a huge desire to breath. It is upon ascent however, that the danger 
increases. 
As the diver begins to ascend, the compressive force on the lungs decreases and the lung begin 
to expand. This is accompanied by a marked drop in alveolar p02. This causes a decrease in 
haemoglobin loading, leading to hypoxia and there becomes a severe danger of black out as the 
diver nears the surface. This is known as a 'shallow water blackout' and is accountable for almost 
all diving accidents. A diver then, must exercise extreme caution when hyperventilating .• ot only 
can it cause blackouts but I can also cause vasoconstriction in the brain, leading to dizziness and 
lack of co-ordination before the diver even begins to descend. 
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During descent, divers will feel the rapid adaptations to the environment. Plasma is fed rapidly 
from external muscles to the body's vital organs and particularly to the chest cavity as plasma 
floods in to replace the space where the lungs had been. The pressure here increases to become 
almost painful in some cases. The divers also have the added, painful and common problem of 
being unable to 'equalise' their inner ear and sinuses. The inner ear and sinuses are other areas 
of the body that contain air. During descent, pressure within the inner ear and sinuses must be 
equal to the external hydrostatic pressure. However, mucus can block the equalisation of the air 
pressure and can cause tissue damage and rupturing of the eardrum. Divers can try and 
overcome this by pinching the nose and blowing air into the sinuses and inner ear in an attempt 
to increase pressure. However, being unable to equalise, especially when the diver has a cold or 
infection, is extremely common and is a regular contributor to unsuccessful dives. 
1. 7.4 Diving and oxidative stress 
There are very few studies on oxidative stress in divers and those that have been published, deal 
with air-divers rather than free divers. This study therefore entered a largely un-researched area. 
With the drop in arterial oxygen saturation, it would be easy to assume that OFR production is 
going to be low. With the knowledge that OFR production increases with oxygen uptake, this 
would not be an unwarranted assumption. However, P02 can be maintained until ascent, with the 
help of the spleen, oxygen is still provided to the vital organs. This coupled with the dynamic and 
dramatic physiological changes that occur during the body when diving; there is a high chance of 
physiological damage. How much of this is free radical based is unknown and also whether such 
damage may be local. This obviously may be of some concern when much of the dramatic 
changes occur around the most vital organs of the body. 
It was also necessary to remember that NFR can also lead to cellular damage the same way that 
OFR can. In a study by Lemaitre eta/ (2002), NO in exhaled breath increased in air divers after a 
30 minute dive. However, with only the air in the lungs from an ambient environment, there can 
not be the effects of inhaling 'artificial' air. Certain physiological adaptations however suggest the 
generation of NO, such as vasodilation, that may lead to the production of NFR and radical 
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induced damage. Such NO production is highly dependant on oxygen tension , something that is 
obviously extremely affected during diving. 
Catecholamine production was another unknown in divers. Whilst in many sports athletes have a 
surge of catecholamines to prepare the body for exercise, what was to happen during apnoea 
was unclear. Many divers experience complete calm on diving and spend much time before 
competition focusing the mind and body into a tranquil state. Whilst the body must release 
catecholamines to cope with the physiological stresses of diving, the psychological training and 
emotions of calm whilst diving may have an impact on catecholamine release. In reference to free 
radical production this may have impact on total free radical mediated damage. Catecholamines 
can exert radical scavenging properties but yet are themselves susceptible to oxidation. Exposure 
to hypoxic environments has been shown to produce a catecholamine increase that persists well 
after normal air supply has been restored (Xie eta/, 2001 ). 
26 
~ ---
- -·- - _._'r ·- ~ -- ---~ 
Chapter Five 
1.8 Oxidant Production in Exercise: Study Aims and Objectives. 
Certain types of exercise are more likely to induce free radical production than others. Endurance 
exercise, for example has been shown to lead to large increases in post-exercise oxidant 
production. Certain forms of acute exercise have shown a similar effect. However it is not clear 
when exercise starts to become 'unhealthy'. Several studies have shown the effects of exercise 
at a set intensity measured against maximum oxygen intake (Vo2 Max), ( Pizza eta/, 1995) and 
(Hsu eta/, 2002), but little research has been applied to investigating exercise at a variety of 
intensities to determine of there is a linear relationship between exercise intensity and oxidant 
production rate. 
One of the biggest problems underlying exercise studies is the difference in methodology and 
protocol. Studies can investigate endurance exercise, which could mean anything from 30 
minutes to several hours or they can investigate short, acute bursts of undefined exercise. 
However, what this exercise is, is often poorly described or has a different protocol to all other 
studies. It is difficult therefore to interpret and delineate the results to mean anything, when no 
two studies can be used in comparison. In addition to this, biochemical markers of oxidative 
stress analysed within these studies are often only measured pre-exercise and up to one hour 
post exercise. Alternatively they are measured as a total 24-hour count, or over a period of days, 
where exercise bouts are repeated. There is little research that analyses a variety of single bouts 
of exercise, at set intensities measured against V02 Max, with samples taken for biochemical 
analysis at short intervals from pre-exercise through to 24 hours post exercise, or during exercise. 
This research consists of two studies, focused upon free radical production in exercise by 
investigating the production of urinary markers of free radical production. Study One investigated 
the effect of exercise intensity on free radical production rate, by use of a simple study testing 
single bouts of a variety of exercise intensities, determined as a percentage of each subject's 
maximum oxygen intake (V02 Max) and by taking urinary samples over a wide range of time 



2. General Methods 
Chapter One 
2.1 Collection of samples 
Analysis of samples from each study was carried out in the biochemistry laboratories at the 
University of Luton and also in the biosciences Healthy Ageing laboratory at Unilever Research 
and Development, Colworth, UK. 
Urine samples were collected at set times (see details of time points in individual studies), with a 
pre-exercise sample taken as control. Collection times differed in each study. Each urine sample 
collected was split into five aliquots, to provide samples for each test to be undertaken. Aliquots 
were immediately frozen in a - 20°C freezer before being transferred to a - 80°C freezer. The 
creation of five aliquots from each sample avoided thaw -refreeze cycles that could potentially 
lead to degeneration of some of the biomarkers for analysis and impair results. 
On the day of the assay, samples were defrosted on the morning of the test day and 2mls of each 
sample was alliquoted into Eppendorf tubes arranged in a holder and marked in accordance with 
their position in the ELISA plate (according to the plate plan). Any remaining sample in from the 
original aliquot was then immediately re-frozen. 
Clear samples were not centrifuged, but those containing precipitate were centrifuged for 10 
minutes and the supernatant was aliquoted off. 
Any spare sample remaining after the completion of an assay was refrozen and the date of re-
freeze was recorded in the laboratory book. These samples were kept on stand-by, in case they 
were needed to replace or add to samples for any of the other assays to be undertaken. 
Not all aliquots yielded spare sample and this was noted in the laboratory book. 
2.1.1 Markers of free radical mediated damage to cellular structures analysed 
The following markers of free radical mediated damage to cellular structures were analysed: 
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8-lsoprostane F2 a: 
8- lsoprostane F2 a: is a prostaglandin F2 like compound, derived from prostanglandin F2 types 
(PGF2) and is produced in large amounts during exercise by the interaction of free radicals with 
membrane lipids. The benefit of 8-lsoprostane F2 a:. unlike with so many other biomarkers of free 
radical production is that its source is known. 8-lsoprostane F2a: is a product of free radical attack 
on omega-6 fatty acids, in particular, arachidonic acid . Their generation is independent of the 
cycloxoygenase system but instead occurs via a series of reductions of arachidonoyl radicals , 
forming bicyclic endoperoxides which further reduce to yield 8-lsoprostane F2 a:. 
The 8-lsoprostane F2a: is not only a valuable biomarker for the monitoring of free radical 
production , it is also bioactive with its activity located locally at its sites of synthesis, namely the 
kidney, spleen and heart. It has been found to cause proliferation of endothelial and smooth 
muscle cells and potent vasoconstriction and broncoconstriction in the lung and kidney, by 
generating thromboxane (TXA2) release through enhanced activation of the Ca(2+) flux (Roberts 
eta/, 2003). When measuring damage to membrane lipid structures, isoprostanes are perhaps 
one of the best biomarkers to study. This is due to their specificity and also their stability during 
storage . These intermediates are unique in that they are formed esterified on lipids and as such 
cannot be generated ex vivo in urine samples. They are therefore relatively stable for quite a long 
time in collected urine samples. However, 8-lsoprostane F2a: can be generated ex vivo in plasma 
samples by the auto-oxidation of plasma arachidonic acid (Burke eta/, 2000; Roberts eta/, 1996) 
if precautions are not taken . Also, plasma samples can only give indications as to the production 
of 8-lsoprostane F2a: at a specific time, unlike urine, which can show relative production over a 
specific amount of time. Urine is therefore most commonly used for the measurement of 8-
lsoprostane F2 a:. 
2,3-Dinor-5,6-dihydro-15-F-isoprostane (15-F(2t)-lsoPM) 
2,3-Dinor-5,6-dihydro-15-F-isoprostane is a metabolite of the 8-lsoprostane F2a:. It is formed via 
the conversion of exogenously infused 8-lsoprostane.F2a: by one step ~-oxidation and is 
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excreted in the urine (Hou eta/, 2001 ). It may also be generated by free radical mediated attack 
on y- linolenic acid . However, the contribution of each of the prospective pathways is not known. 
Unlike many metabolites of prostanoids, 15-F(2t)-lsoPM has very similar bioactivity to its parent 
compound, 8-lsoprostane F2a, showing the same potent ability to cause vasoconstriction . In this 
respect, the actions of 15-F(2t)-lsoPM may augment and protract those of the parent compound 
8-lsoprostane F2a. 
This metabolite is seen to increase in concentration in urine during periods of oxidative stress, 
along with one of its parent compounds 8-lsoprostane F2 a. (Chiabrando eta/, 1999) and the two 
biomarkers show comparatively high correlations. The measurement of 2,3-Dinor-5,6-dihydro-15-
F-isoprostane may help to provide a more accurate indication of production of its precursor 
compound (8-lsoprostane F2a_. ) in vivo and therefore may help to give a more precise 
measurement of ultimate level of ROS damage in omega-6 fatty acids. 
8-Hydroxy-2-deoxyguanosine (8-0HdG) 
Oxidation of DNA by ROS is considered to be an important cause of many age-related diseases 
and disorders (Loft eta/, 1993; Loft eta/, 1992). One of the greatest damages to DNA from 
oxidants is hydroxylation of the guanine base at position C8, by singlet oxygen. In vivo, the 
damaged base will be repaired via exonucleases that will expel deoxynucleosides from the base 
and is finally excreted in the urine (Loft eta/, 1993). One such deoxynucleoside is 8-hydroxy-2-
deoxyguanosine or 8-0HdG. Like other deoxynucleosides 8-0HdG is excreted in the urine fully 
metabolised and thus is very stable. 
Measurement of 8-0HdG in urine is therefore a reliable, un-invasive way of study relative 
damage to DNA bases. 
Adrenaline 
Catecholamines, such as adrenaline are produced when the body is under stress, for example, 
during exercise and its measurement can indicate t(le magnitude of physiological stress that the 
body is experiencing. As the body is placed under greater stress, so the level of catecholamines 
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increases. Adrenaline is released from the adrenal medulla and activates cardiac response and a 
number of 'fight or flight' responses in the body, as explained in chapter one. Adrenaline was 
chosen as a marker of physiological stress. This is a crucial biomarker to measure in these 
studies as they investigate the effect of exercise intensity on free radical production. Therefore 
results of Adrenaline analysis will be correlated with results of 8-0HdG, 2,3-Dinor F2 and 8-
lsoprostane F2, to determine if a relationship exists between catecholamine increase and 
oxidative stress. 
Creatinine 
The protein creatinine is produced by muscle tissue as a waste product of creatinine phosphate 
and is released into the blood stream and urine. The amount of creatinine a person produces and 
rate of production is dependant on muscle content of the body and is therefore relatively constant 
in healthy persons. Creatinine clearance is the measurement of creatinine cleared by the kidneys 
and thus assesses kidney function. Creatinine clearance should remain constant unless someone 
is suffering from a kidney disorder. Creatinine rate therefore indicates the rate of excretion of the 
analysed biomarkers and can this can then be standardised to each individual. All biomarker 
measurements in the results are therefore stated as ng per mg of creatinine. 
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Study One 
2.2 Production of free radical products in individuals undergoing aerobic exercise of a set 
intensity 
This study investigates the effect of exercise intensity on free radical production. 
The study consisted of two separate exercise tests. In the first test each subject's maximum 
oxygen uptake, also known as V02 Max was established. From the results of this test, the subject 
was randomly assigned a set exercise intensity, calculated as a percentage of their V02 Max. 
The subject then performed exercise at the assigned intensity for 30 minutes in the second test. 
Sixteen adult subjects took part in ·this study (average age = 37.25 years). All participants were 
physically fit and healthy and were used to intense physical activity (many were recruited from 
Bedford Harriers running club in Bedford). Participants must have adhered to the following 
inclusion criteria: be physically fit, healthy and active, must have undertaken exercise at least 5 
times a week for at least 1 hour at a time. Exclusion criteria were as follows: past or present 
serious disease/disorder of any kind (Cardiovascular disease, cancer, diabetes etc.}, genetic or 
proven heart irregularities such as heart murmurs, respiratory diseases, muscular injuries or 
wasting diseases, joinUbone injuries or diseases, medication (apart from oral contraceptive pill or 
external applications such as skin creams for skin conditions), smoking, high blood pressure. 
2.2.1 Part one: Measurement of V02 Max. 
Research has shown that acute and endurance exercise can lead to an increase in free radical 
production and thus, lead to impairment of immune function and damage to membrane lipids, 
proteins and DNA (Sen, 2001 ; Packer, 1997; Ashton et at, 1999; Nieman et at, 2001 ; Waypa eta/, 
2000). 
The aim of study one was to investigate further whether there is a particular exercise intensity 
where free radical induced cellular damage increase.s at an exponential rate. 
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Normally, each individual exercises at a different rate and intensity, according to his or her 
fitness level, age and exercise preference. Therefore in order to set the exercise intensity 
percentage appropriate for each participant, to account for individual exercise variation, it is 
necessary to initially test for maximal oxygen uptake capacity, in order that the exercise 
intensities can be calculated for each subject. 
The test for V02 Max is used widely through out sporting and medical professions to monitor 
fitness. There are several tests that can be used to calculate maximal oxygen uptake but the 
most reliable is the maximal test, largely accepted as the 'gold standard' of V02 Max tests. 
(McArdle et al, 1996) 
The V02 Max test can be perfomed on several pieces of apparatus. Which is chosen is not 
particularly important, so long as the same piece of equipment is utilised for each participant. 
From this test, appropriate exercise intensities can be calculated for each subject as a 
percentage of their individual V02 Max. 
2.2.1.1 The V02 Max test 
In these maximal oxygen uptake tests, study participants were asked to exercise on a Monarch 
cycle ergometer. Before the test, each participant was thoroughly briefed on the test procedure 
and risk parameters were identified. Participants were asked to read an information sheet and 
then complete and sign a medical questionnaire and consent form. 
2.2.1.2 V02 Max Test procedure 
Subjects (n=16), were tested on separate days. 
Subjects were weighed and the barometric pressure and temperature of the room was recorded. 
Resting heart rate was recorded and a heart rate monitor was fitted. Age-adjusted maximum 
heart rate was calculated (220-age) and recorded. Age adjusted heart rate is a standard method 
used to predict maximum heart rate in relation to age ((McArdle eta/, 1996). Heart rate usually 
decreases with age. Age adjusted heart rate is only an approximation and there will be individual 
variations of± 10 bpm (beats per minute) 
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The participant was then asked to sit on the cycle and adjust it to comfort. Oxygen uptake was 
measured by means of open-circuit spirometry, with participants inhaling ambient air (20.93% 
oxygen, 0.03% carbon dioxide and 79.04% nitrogen) and the exhaled air being collected in 
Douglas bags. The exhaled air is passed into the Douglas bags by means of a headpiece with a 
two-way breathing valve, fitted to each subject. Using this method, ambient air is breathed in via 
one side of the valve and exhaled air passes through the other side of the valve, through a long 
piece of connected plastic tubing and down into the Douglas bags. Collection of exhaled air into 
Douglas bags is a well used method that has been utilised in many exercise laboratories world-
wide for many years (Powers and Howley, 1997) 
The test consisted of 3 minute graded, continuous progressive exercise intensities. Subjects 
started the test on a low (1 .5-2.0 kp) resistance and every three minutes, the resistance was 
increased. Heart rate was recorded at the end of every three minute step. Participants were 
asked to pedal at a constant speed of 65 rpm. Air samples of one minute were taken four times 
through out each test, as close to maximal exertion point as possible. Subjects chose as to when 
they ended the test, but were encouraged to continue for as long as possible. None of the 
subjects ended before they reached the point of exhaustion. After completion of the test, end 
heart rate was recorded and subjects were asked to sit and rest and were offered a drink of water 
for rehydration. 
2.2.1.3Criteria for satisfactory test completion 
When conducting a V02 Max test, there are certain criteria which need to be attained for the test 
to be considered successful. These are: 
• Maximum heart rate± 10bpm must be achieved. 
• Absolute exhaustion must be achieved where the subject can no longer pedal at the 
required rpm even though encouraged. 
• Oxygen uptake fails to increase linearly to exercise intensity. 
37 
2.2.2 Calculation of V02 Max 
The calculation of V02 Max was attained by use of gas meters. Air from the Douglas bags was 
passed for one minute, through electronic oxygen and carbon dioxide analysers that calculate 
the levels of 02 and C02 in expired air. The collected air was then passed through a turbine flow 
meter, removing all air from the collection bag by suction and thus analysing the volume of air 
expired. The volume of air removed when 02 and C02 analysis was conducted is then added to 
the volume of expired air to give a total expired air value. 
From these measurements maximal oxygen consumption was calculated by the following 
equation: 
Oxygen consumption (V02) = Volume of inspired 02- volume expired 02. So V02 = (V1 x F1 02) 
- (VE X FE02), where V1 is the volume of inhaled air per minute and F1 02 is the fraction of 
oxygen in the inspired air (20.93%). VE is the volume of exhaled air and FE02 is the fraction of 
oxygen in the expired air. 
2.2.3 Part Two - Exercise at different Intensities, set as a percentage of each subject's 
V02 Max 
After establishing the V02 Max for each subject, subjects were required to exercise at a set 
intensity on the cycle ergometer for thirty minutes, maintaining this intensity for as much of the 
thirty minute period as possible. This became difficult for subjects exercising at high intensity. 
Subjects were randomly assigned an exercise intensity, calculated as a percentage of their V02 
Max value and work final work output level (rpm and kp) from test one. Table 1 below shows the 
exercise intensity assigned to each subject. 
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Table 1: Randomly assigned exercise intensity for each subject 
Subject Number Exercise Intensity for 
test two (% of V02 Max) 
S1 100% 
S2 85% 
S3 100% 
S4 100% 
S5 100% 
S6 55% 
S7 85% 
sa 55% 
S9 75% 
S10 85% 
S11 75% 
S12 85% 
S13 75% 
S14 55% 
Subjects were asked to sit on the cycle ergometer and adjust it to comfort. All tests were 
performed at room temperature. The exercise laboratory is maintained at a temperature of 
between 20°C and 22°C. Subjects were then allowed a three minute warm up at low work output 
(1.5 kp at 60 rpm). Following this they were asked to pedal at an assigned Kp and rpm that 
corresponded to the percentage of V02 Max that they were to exercise at. Set RPM and KP had 
to be sustained by the subject to maintain the required exercise intensity . At the 85% to 100% 
V02 Max range of intensity subjects found the task very difficult and all subjects exercising at 
100% V02 Max stopped before the thirty minute period ended. Once the test was complete 
subjects were allowed a 90 second recovery and were then asked to provide a urine sample. 
Further urine samples were then taken at 30 minutes, 60 minutes, 90 minutes, 3 hours, 6 hours, 
12 hours and 24 hours post exercise. Subjects were not allowed to perform any other exercise 
within this collection period. 
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Study Two 
Chapter Two 2.3 Production of free radical products in Elite Free Diving 
These field studies were conducted on 11 British free divers at the Sony Open Classics Free 
Diver Championships, in Limassol, Cyprus from May 21st to 31st 2003. This was an international 
event, with 171 competitors from 31 countries. 
Inclusion and exclusion criteria were the same as for Study One. There were 11 complete sets of 
samples collected. One set consisted of 5 urine samples taken at the following times: pre-dive, 1 
hour, 3 hours, 6 hours and 9 hours post-dive. The competition was held open for three disciplines 
and almost all competitors entered all three. Urine samples were collected in universal tubes and 
were then split four ways to provide a fresh sample for each biomarker analysed. Samples were 
stored in a refrigerator before being collected at the end of the day by a colleague from Medicell 
in Limassol, who took transportation of the samples via a cool box to the Medicell Laboratories, 
where the samples were stored frozen at -20°C 
Although it was initially planned to collect samples at 30 minutes post and 12 hours post 
competition, this was not practical or ethical. When subjects are under competition conditions 
such as this, it is only considerate to allow competitors to recover sufficiently to participate in the 
studies. Many were not willing or able to give urine samples so close to competition completion 
(30 minutes) and many were still in the water at this point. The 12 hour post sample was again, 
not practical. Many of these competitors top times were in the afternoons, meaning a 12 hour 
sample would have a collection time of 1 to 4 o'clock in the morning. The 9 hour sample was 
often collected late and subjects had to stay up later than they would have liked to provide it. 
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2.3.1 Subject Participation and Event Classification 
Eleven British divers were recruited for participation in the research. All of the eleven divers were 
to compete in the three different events. These were, Dynamic free diving with fins, Constant 
Weight free diving with fins and Static Apnoea. 
In Dynamic free diving with fins, the free diver swims as many lengths of an Olympic sized (50 
metre) swimming pool as he or she can on a single breath. Fins or monofins are used to help 
increase the speed of the divers through the water. For the competitor to complete the event 
successfully they must touch the wall of the swimming pool when they stop, hold the judges eye 
and give an ok sign. Yellow and red cards are issued for the following errors; fins or any part of 
the body breaking the surface of the water, fatigue or not being able to hold the judges eye, 
black-outs of fits (referred to in the sport as a 'samba') and not touching the wall of the swimming 
pool upon completion. 
Constant weight free diving involves the diver diving as deep as possible on one breath. This 
event usually takes place two or three miles out to sea using a special boat or platform from 
which to stage the dives. Constant weight, as the name describes, makes use of weights that the 
diver can use if he or she so wishes. However, if weights are used, they must be returned to the 
surface in order for the dive to be successful. Before the dive, the free divers must announce a 
depth they think they will reach, termed their 'announced performance.' Upon diving, the divers 
follow a rope downwards, upon which tags with depths are fastened. At the maximum depth they 
can reach on the dive, the diver must collect a tag and return with it to the surface. On return to 
the surface, competitors must hold the judges eye and give the okay sign. Red and yellow cards 
are issued for the following: fatigue and not being able to hold the judges eye, no tag and black 
outs. 
In Static Apneoa, the free divers do not perform any sort of exercise. The object of the 
competition is for the diver to hold their breath for as long as possible. For this, the divers float on 
the surface of the water, face down, face submerged. As explained in the introduction, breath 
hold is prolonged and assisted by the 'dive reflex' which occurs when mammals hold their face in 
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water and particularly water with a much lower temperature than that of the body. Here, the Static 
Apnoea competition was held in a swimming pool with an average temperature of 10°C. As with 
the other two competitions, on completion the diver had to meet the judges eye and give the okay 
sign. Red and yellow cards were issued for the following; black-outs and fits, not being able to 
meet the judges eye. 
Ethics of free diving 
In all three events the divers were supported by safety divers, usually other free divers who had 
completed their dive or volunteer divers with experience in air-diving. It was the responsibility of 
these safety divers to assist any divers who suffered fits or black outs and to be vigilant in 
watching out for the signs of a diver in difficulty. In this respect, as much as possible was done to 
prevent serious harm occurring to any of the competitors. However, free diving is a high risk sport 
and black outs and seizures or fits are commonplace. It is up to the free divers to accept this risk 
and realise that even though safety divers are in place, injury can occur. 
In respect of this study, again the responsibility is with the diver. The investigation involved taking 
samples from competitors and did not interfere in the requirements of the competition. Divers 
would have been competing research or no research. 
Free Diving tenninology 
There are several terms used to define actions or problems within the sport of free diving that are 
used in the results section for this study and should be noted. These are: 
AP - Announced performance 
RP - Recorded performance 
Top Time - Performance time, following practice. Subjects have 10 seconds after top time is 
called to commence their attempt at their AP. 
Samba - Name given when competitors suffer from hypoxia leading to convulsions and fitting 
once reaching the surface. Such a condition means that the competitors are very close to black 
out. 
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Black outs - loss of consciousness 
Samples collected were transported back to the UK immediately by air on a short crossing of four 
hours, after collection from the Medicell Laboratory in Limassol. Samples were transported in a 
cooler box lined with freezer packs to ensure they remained frozen . It was decided that the best 
way of transporting the samples home was via air, taking the samples into the cabin. Most airlines 
had no problem with this, as long as the cooler box was not too large for transportation in the 
cabin. However, many airlines do not allow the use of cooler packs or dry ice in the hold of the 
aeroplane, in case of leakage and ultimate damage to the aircraft. Therefore on investigation , 
many airline customer service centres refused such a cargo. The other alternative was road 
transport, in particular, express delivery. Normal delivery from Cypress to the U.K would take 2-3 
days, by which time all of the cooler packs would have thawed. Dry ice would also need replacing 
over this period of time. Therefore the samples would have got to the U.K thawed and probably at 
temperature conducive to bacterial growth causing spoilage and ruining the samples. The final 
option was delivery of the samples on dry ice by a company specialising in the delivery of 
sensitive medical and biological material. However, the samples weighed 2kg and th is was 
considered a large quantity. Such a weight of samples would require 10kg of dry ice which would 
need replacing during the journey. The lowest quote to deliver the samples back to the U.K by 
this method was £1000. This was two thirds of the entire research budget. With travel and 
accommodation costs already using up a lot of the budget this was simply not affordable. 
In this case the samples only had to travel for four hours via air to reach the U.K where they were 
immediately taken to a freezer unit at -2ooc after being declared at customs (this held no 
problems). Due to the use of lightweight freezer packs and tight packaging of the samples, the 
samples remained frozen. 
The following day samples were thawed and divided into 5 aliquots, one aliquot for each 
biomarker to be analysed and one spare aliquot. They were then immediately re-frozen in a -
80°C freezer until a day before analysis when they were moved to a -20°C freezer. Aliquots were 
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not all kept in one freezer. This helped to ensure that if one freezer failed, at least some samples 
would still be okay for testing . 
The samples were then analysed for 8-lsoprostane, 15-F2t-lsoPM, adrenaline and creatinine, as 
with study one. 
Chapter Three 
2.4 Laboratory Analysis for quantitative determination of urinary free radical markers 
Analysis was carried out in the both the biochemistry laboratory, University of Luton and the 
Healthy Aging laboratory, Unilever Research under Good Laboratory Practice conditions. 
For the following ELISA tests, protective gloves and a laboratory coat were worn. It was also 
occasionally necessary to wear protective eye wear. 
2.4.1 Analysis of 8-lsoprostane and 2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane by ELISA 
using the Auto DELFIA System. 
The urine samples were analysed using a WALLAC AutoDELFIA automatic immunoassay system 
(PerkinEimer Lifesciences, U.K), in the Healthy ageing laboratory, Corporate Research at 
Unilever Research and Development, Colwoth, UK. The AutoDelfia uses a techn ique called 'time-
resolved fluorometry'. This is a significant alternative to radioisotopic assays that uses the 
fluorescent properties of lanthanide chelates, providing a sensitive assay, due to low background 
and high signal to noise ratios. The chelates used for the Delfia assays are un-fluorescent, 
labelled chelates. Europium-labelled antibodies are used as tracers. The lanthanide chelate is 
remains non-fluorescent until after immunoreaction, when the europium is dissociated from the 
chelate by the addition of an enhancement solution. In this way, the fluorescence of the 
lanthanide is amplified nearly a million times and does not require time dependent signal 
detection or use of a stop solution. The correct name for this technique is 'Dissociation enhanced 
lanthanide fluoroimmunoassay' or D.E.L.F.I.A. 
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Reagents 
All reagents used for the assays performed by the AutoDELFIA system where purchased from 
PerkinEimer Lifesciences U.K and are pre-mixed reagents specifically designed for use with 
AutoDELFIA. 
Delfia Wash concentrate, is a pre-mixed wash concentrate, made up of 25 fold concentration of 
Tris-HCL buffered saline solution at pH7.8 with Tween 20 and Germallll as a preservative. Delfia 
pre-mixed enhancement solution comprised of Triton X-1 00, acetic acid and chelators. 
Delfia Assay buffer is a pre-mixed buffer for use in immunoassays, made up of Tris-HCI buffered 
saline solution with Bovine Serum Albumen (BSA}, bovine globulin, Tween 40, DTPA, inert red 
dye and 0.1% sodium azide. Seven microtiter plates were used into total , these were anti-mouse 
coated yellow microtiter plates available from PerkinEimer Lifesciences U.K. The antibod ies used 
were Unilever Gold Standard auto-stock, produced in-house. The four antibodies used for these 
assays were: Europium labelled anti-8-lsoprostane and europium labelled anti-2,3 Dinor,5-6-
dihydro-15-F(2t)-isoprostane antibody, anti-mouse anti-8-lsoprostane and anti-mouse anti- 2,3 
Dinor,5-6-dihydro-15-F(2t)-isoprostane primary antibodies. 
Assay Method 
2 mls of each urine sample were alliquoted into barcoded tubes. Tubes were then loaded in order 
into special racks and placed in trays. These trays were then placed into the AutoDelfia. 250 mls 
of wash buffer was added to 6000mls of double distilled water and added to the DELFIA wash 
bottle. 500mls of assay buffer was added to the buffer container and loaded into the AutoDelfia. 
Also loaded were three anti-mouse antibody coated yellow plates, Europium labelled anti-8-
lsoprostane and anti-2,3-Dinor antibody tracers at 1/16,000 dilution, anti-8-lsoprostane and anti-
2,3-Dinor primary antibodies at 1/820 dilution and standards. Standards are made regularly from 
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stock by staff that perform research within the Healthy Aging laboratory and are kept frozen until 
use. 
Reagent batch details and assay run procedures were then recorded . The 8-lsoprostane and 2,3-
Dinor immunoassays are frequently run as an in-house test by the biosciences department of 
Corporate Research at Unilever Colworth and have shown high affinity, repeatability and 
reliability. 
2.4.2 Analysis of 8-Hydroxy-2'-deo.xyguanosine (8-0HdG) 
8-Hydroxy-2'-deoxyguanosine was analysed using the Bioxytech 8-0HdG-EIA kit from Oxis 
Health Products, Inc., U.S.A This is a competitive ELISA kit for the quantitative measurement of 
8-0HdG in serum, plasma and urine. The kit was stored at 5° C until use. All of the samples were 
analysed in duplicate. 
Reagent List: 
The following reagents were provided in the kit: 
One microtiter plate, precoated with 8-0HdG. One vial of anti-8-0HdG, mouse monoclonallgG1 
primary antibody and 6 mls of primary antibody dilution buffer (Phosphate buffered saline). One 
vial of secondary horse radish peroxidase (HRP) conjugated antibody (Catalogue number 21026) 
and 12 mls of secondary antibody dilution buffer (Phosphate buffered saline). One bottle of 250 
IJI of chromogen 3,3',5,5'-tetramethylbenzidine and one vial of 12 mls of chromogen dilution 
buffer (Hydrogen peroxide/citrate-phosphate buffered saline). Two 26 ml bottles of concentrated 
wash buffer (concentrated phosphate buffered saline); one bottle for each wash step. One 12ml 
bottle of stop solution (1M Phosphoric Acid). 
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Six standards were provided in the kit at 0.5ng/ml, 2.0 ng/ml, 8.0 ng/ml, 20.0 ng/ml, 80.0 ng/ml 
and 200 ng/ml (1 vial each of 1 ml). Flexible plastic plate seals were also provided for the 
incubation stages. 
Assay Procedure 
On the day of the assay, all reagents were brought to room temperature before the assay 
commenced. The urine samples were defrosted and 2ml aliquots of each sample were 
transferred into Eppendorf tubes. These were then placed in a Wallac centrifuge at 2,000 g for 
ten minutes to remove precipitate. Washing buffer was diluted 1/5 with Milli-Q distilled water 
(Millipore, U. K). 
To the vial of primary anti-80HdG antibody the 6mls of primary antibody dilution buffer was 
added and this was mixed by shaking the vial gently by hand. To wells A1 and A2 of the plate, 50 
1-11 of distilled water was added by positive displacement using positive displacement pipettes 
(Gilson Microman M50 pipettes and pistons) These two wells served as the blanks. To wells 1 
and 2 of rows B to G, 50 IJI of the standards were added by positive displacement, starting with 
the lowest dilution factor in row B. To all other wells, 50 1-11 of each sample was added by positive 
displacement, in duplicate, as per the plate plan. This was immediately followed by the addition of 
50 IJI of primary antibody by positive displacement to all wells except the blanks (Wells A 1 and 
A2). 
The plate was then sealed tightly with a plate seal and placed in a plastic box containing layers of 
wet blue roll . The plastic box was then sealed tightly. Such measures were taken to help prevent 
the occurrence of outer edge effects on the microtiter plate. Outer effects such as evaporation of 
contents of the outer wells or differences in temperature between the outer and inner wells can 
effect the reaction time and extent of the added reagents and thus may effect the results. The 
plate was then placed on a microtiter plate shaker and incubator at 37°C for one hour. Following 
incubation, the plate was removed form the plastic box and the plate contents were emptied. The 
plate was washed three times on a Delfia plate wash using the diluted wash buffer. 
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To the vial of secondary enzyme conjugated antibody, the 12 mls of secondary antibody dilution 
buffer was added and this was mixed by gently shaking the vial by hand. To each well, 100 ~I of 
the secondary antibody was added. The plate was sealed tightly with a plate seal and again 
placed into a plastic box containing wet blue roll. The plastic box was sealed tightly and placed on 
a microtiter shaker/incubator for one hour at 37°C. 
The chromogen 3,3',5,5'-tetramethylbenzidine was diluted with 100 volumes of chromogen 
dilution buffer and the bottle was shaken gentle by hand to mix the contents. The contents of the 
plate were emptied off following the incubation period and the plate was washed three times on a 
Delfia plate wash. To each well, 100 ~I of the diluted chromogen was added. The plate was then 
incubated, uncovered and left in the dark at room temperature for 15 minutes. Following this, 
1 00 ~I of stop solution was added to each well and the plate was left to stand on the bench top for 
three minutes (uncovered). The plate was then read at an absorbance of 450 nm on VICTOR 
(acquired from PerkinEimer Lifesciences U.K) plate reader. 
A standard curve was calibrated by plotting absorbance against concentration on a graph using 
the 4-parameter logistic function (y= a-d/1 +(x/c)b +d). 
Using the absorbance values for each sample, concentration values could then be obtained from 
the standard curve. 
2.4.3 Analysis of urinary Adrenaline 
Adrenaline was analysed using the Adrenaline ELISA from IBL Hamburg, Germany. This kit has 
been specifically designed for the analysis of catecholamines in urine. 
Reagent list: 
For the extraction procedure the following reagents were provided: 
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Extraction buffer (containing 10.7% ammonium chloride and 0.05% sodium azide), Acylation 
reagent (containing ethanol and N,N-dimethylformamide) and Release buffer. Standards and 
controls were supplied at 0.0 ng/ml, 1.5n g/ml, 5.0 ng/ml, 15.0 ng/ml, 50.0 ng/ml and 150.0 ng/ml 
The only additional requirement was bi-distilled water. 
For the ELISA, the following reagents were provided: 
One vial of enzyme solution lyophilised powder (COMT, containing 0.09% sodium azide). One 
3ml vial of coenzyme solution (containing 0.015% sodium azide). One 3ml vial of enzyme buffer. 
Wash buffer, concentrated, (containing 2.5% trometamol and 2.5% sodium azide). Amplification 
reagents (containing 2.5% sodium azide and 10% ethanol). Stop solution (containing 10% 
phosphoric acid) .. Stop solution (containing 10% phosphoric acid). 
Preparation of Reagents: 
To make up a working solution of enzyme solution, one vial of COMT was reconstituted with 
1.25mls of Milli-Q and agitated. To this, 1.25mls of the Coenzyme solution was added, followed 
by 1.25mls of enzyme buffer, to give a final volume of 3. 75 mls. 
A working solution of wash buffer was made up by adding 25m Is of the wash buffer concentrate 
to 250m Is of Milli-Q distilled water. Enzyme conjugate was prepared by diluting 60 IJI of the 
enzyme conjugate concentrate in 6mls of Milli-Q distilled water. This was prepared freshly for 
each test and was only used once. Finally, amplification reagent was prepared by pipetting 2mls 
e~ch of amplification reagents 1 ,2 and 3 into a bottle and mixing. This was made up freshly for 
each test. 
Assay Procedure 
Extraction 
The assay procedure began with an extraction procedure. Extraction was carried out in macrotiter 
plates. To each well, 101JI of urines, controls and standards were added using a positive 
placement pipette. This was followed by the addition of 300 IJI of Milli-Q and 1 ml of Extraction 
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buffer. The plate was then covered and shaken on at orbital plate shaker (600rpm) for 30 minutes 
at room temperature. Following this, the contents of the plate were emptied and the plate was 
blotted on blue roll. 2mls of Milli-Q water were then added to each well and the plate was 
covered and returned to the plate shaker for 5 minutes. The contents of the plate were then 
emptied and the plate was blotted on blue roll. To each well, 150 IJI of Extraction buffer was 
added, followed immediately by 50 IJI of Acylation reagent. The plate was shaken uncovered for 
20 minutes on the orbital plate shaker set at 600 rpm. 
Plate contents were removed and 2mls of Milli-Q was added to each well. The plate was covered 
and returned to the plate shaker for a further 5 minutes. Plate contents were again emptied and 
the plate was blotted on blue roll. To complete the extraction procedure, 2501JI of Release buffer 
was added to each well and the plate was shaken uncovered on an orbital shaker (600rpm) for 30 
minutes. The plate was covered with foil and placed in the refrigerator overnight. 
ELISA 
All reagents, samples and macro/microtiter plates were brought to room temperature before the 
testing began. 
To each well of the microtiter plate, 50 IJI of reconstituted enzyme solution was added. The 
microtiter plate was briefly shaken on an orbital plate shaker set at 600 rpm. From this, 50 IJI of 
urines, control and standard extraction was pipetted into each well using a positive displacement 
pipette. The microtiter plate was covered, placed on an orbital plate shaker and incubated for 2 
hours at room temperature. Following incubation, the contents of the plate were emptied and the 
plate was washed three times on a Delfia plate wash. 
Into each well, 100 IJI of the diluted enzyme conjugate was added. The plate was covered and 
returned to the plate shaker (set at 600rpm), where it was incubated for 90 minuten at room 
temperature. Plate contents were then removed and the plate was washed three times on the 
Delfia plate wash. 
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100 J,JI of freshly prepared Amplification reagent solution was then added to each well by positive 
displacement to avoid air bubbles. The plate was incubated uncovered for 17 minutes on an 
orbital shaker at 500rpm. Stop solution was then added at a volume of 50 IJI per well. Contents 
were agitated briefly and then the plate was read on a VICTOR plate reader at an optical density 
of 490nm. 
2.4.4 Standardisation of urine samples by correcting for Creatinine 
Correction for creatinine was carried out using the picrate method. This method is a well known 
and routinely used method of creatinine determination in research and diagnostics (Slot, 1965). It 
is necessary to test for creatinine in all samples to ensure that standardisation of the target 
biomarker is established through renal output and urine dilution factor. 
Procedure 
Beagent List 
Picrate reagent- 2 x 1Om I bottles 
1N NaOH 
Acid reagent - 2 x 12 ml bottles 
Standards- 1,3 and 10 mg/dl 
Reagent preparation: 
To a bottle of the 10 ml Picrate reagent, 2 mls of NaOH was added. This gave a working solution 
of 12 ml alkaline picrate. This was prepared immediately before use. 
Sample preparation: 
Urine samples were diluted 1 :20 in Milli-Q distilled water, in glass tubes. 
(501JI sample/1 ml Milli-Q) 
Positive displacement pipetting technique was used through out the procedure for all 
measurements of 20 IJI. 
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To wells A 1 and A2 20 IJI of distilled water was added. These served as control blanks. 
To wells A3 and A4 20 IJI of Creatinine standard 10 mg/dl was added. To wells A5 and A6, 20 1-1 1 
of the creatinine standard 3 mg/dl was added and to wells A? and A8, 20 IJI of creatinine 
standard 1 mg/dl was added. Diluted samples were then added in duplicate to the rest of the 
plate at 201-JI per well. To all wells, 100 IJI of the working pictrate solution was then added and the 
plate was left to stand on the bench top for ten minutes (room temperature). 
Following this, the plate was then read on a Victor plate reader at 500nm and the results were 
saved to file. The plate was returned to the bench and 100 IJI of acid reagent was added to each 
well . The platewash left to stand at room temperature for 5 minutes. The plate was then read 
again at 500nm. 
2.4.4.1 Determination of Creatinine levels 
Creatinine levels were determined by calculating the average of each sample reading both before 
and after the addition of the acid reagent and then finding the difference between the two 
averages. These values were then calculated as per kg weight of each subject and converted into 
ng/mg. 
52 
PART THREE 
Results 
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3. Results 
Chapter One 
Study One: The Measurement of Free Radicals in exercise of varying intensities 
The main aim of Study One was to investigate if different intensities of exercise produced 
different rates and levels of free radical mediated cellular damage, measured quantitatively 
by biomarkers of such damage. 
3.1 V02 Max test results 
Table 2 shows the V02 Max results for each subject that were used to calculate the exercise 
intensities for subjects for part two of study one. The exercise intensities selected where 
100%, 85%, 75% and 55% ofV02 Max and were used for subsequent determination of the 
effect of exercise on ROS induced physiological damage, by the measurement of the free 
radical biomarkers measured in urinary samples taken following the completion of each 
exercise intensity (See Methods). 
Table 2: V02 Max values for each subject. 
Subject V02 Max Attainment 
mUkg-1/min-1 
Subject One 56.7 
Subject Two 50.6 
Subject Three 61 .3 
Subject Four 57.42 
Subject Five 58.0 
Subject Six 42.3 
Subject Seven 44.1 -
Subject Eight 44.35 
Subject Nine 62.0 
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Subject Ten 57.1 
Subject Eleven 42.1 
Subject Twelve 55.76 
3.1.1 Results of urinary 8-lsoprostane F2a analysis following exercise 
Samples of 8-lsoprostane were taken at nine time points: pre-exercise (control) ; immediately 
post exercise; 30, 60, 90 minutes post exercise and then 3, 6, 9, 12 and 24 hours post 
exercise. However, five of the subjects were not able to produce the 9 hour sample as the 
appointed sample time occurred in the early hours of the morning and one subject was not 
able to produce the 90 minute sample. As samples were asked for frequently, some people 
could not always produce a sample when necessary (one drawback of using urine samples 
for analysis) . 
Analysis was conducted on all samples provided and results can be seen in 'individual results' 
(3.1.2) . The results of the incomplete sets of samples (where a sample was missing) were not 
however, included in calculation of mean results. It should be noted that the range of 
production of 8-lsoprostane F2a varies considerably and also that all 8-lsoprostane F2a 
values have been standardised for creatinine, as discussed in the methods (Part 2). In the 
graphs and figures below a time point is labelled 'post' on the x -axis. This denotes the 
sample taken immediately after completion of the exercise, i.e: post exercise. 
3.1.2 Individual 8-lsoprostane results 
Graphs created for each subject (see Appendices; Part 5) demonstrate that the pattern of 
production of 8-lsoprostanes is unique to each individual as can be seen by the magnitude of 
8-lsoprostane production for each subject. 
However, even though the subjects have their own unique metabolism, determined by so 
many factors including weight, gender, diet, exercise regularity, intensity and type; that will 
establish their rate of 8-lsoprostane production, and even though they are exercising at 
different intensities, a pattern can be seen emerging in the graphs. 
There is a clear rise in 8-lsoprostane F2 concentrations at the 30 minute time point as can 
be seen in Figure 2 below. This cannot be due to urine concentration being high, as would 
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be the likely conclusion immediately after exercise, when so much water and electrolytes 
have been lost as sweat, as all results have been corrected for creatinine concentration. 
Figure 2: 8-lsoprostane F2a production following Aerobic Exercise (n=14) 
(Representing all intensities of exercise analysed). 
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Figure 2 clearly shows a 30 minute peak in 8-lsoprostane F2a production . Most subjects also 
had a secondary output peak at 6 hours although this was not as high as the 30 minute peak. 
Levels drop at 12 hours but increase slightly again at 24 hours post exercise. (Results from 
subjects exercising anaerobically are not included). A paired T-test showed a significant 
difference between urinary 8-lsoprostane F2a concentrations at baseline (pre-exercise) and 6 
hours post exercise (p=0.02) 
3.1.3 Urinary 8-lsoprostane F2a results for 100%,85%,75% and 55% exercise intensity 
The following graphs show the results (mean of all samples per time point for a given 
intensity) of 8-lsoprostane F2a production following exercise at 100%, 85%, 75% and 55% 
V02 Max exercise intensity. 
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The pattern that emerged in the individual results can again be seen clearly in the mean 
profiles of each exercise intensity (See Figures 3-6 below). For 100%, 85% and 75% the 
'peaks' (highest concentrations) in 8-lsoprostane F2a. output occur first at 30 minutes and 
then again at 6 or 12 hours. With the 55% V02 Max intensity exercise, the first 'peak' is at 90 
minutes and the second is earlier, at 3 hours. 
Figure 3: Urinary 8-lsoprostane F2a concentrations following exercise at 100% V02 
Max intensity (n=4) 
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8-lsoprostane F2a. production following exercise at 100% of V02 Max shows 
increases at the 30 minutes and 6 hours sample time points (Figure 3 ). This is not 
repeated in the bar chart below for 8-lsoprostane F2a. production following 
exercise at 85% of V02 Max where although there is a peak at 30 minutes, there is 
another at 90 minutes and the largest concentrations are not seen until 12 hours 
post exercise. However no significant differences were found between any of these 
concentration 'peaks' and pre-exercise concentrations (p=>0.05) for either 100% or 
85% V02 Max. 
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The magnitude of concentration of 8-lsoprostane F2a is much higher at 85% V02 
Max than at 100% V02 Max exercise intensity. The sample labelled as 'post' 
represents the sample taken immediately following cessation of exercise. T-tests 
showed a significant difference in the concentration of 8-lsoprostane F2a 
production between 100% V02 Max and 85% V02 Max (p=0.04). 
Figure 4: Urinary 8-lsoprostane F2a concentrations following exercise at 85% 
V02 Max intensity 
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Figure 5: Urinary 8-lsoprostane F2 concentrations following exercise at 
75%V02 Max intensity 
Cll 80 
c 
·c: 70 
.. 
nl 
~ 60 
0 
~50 
~ 40 
Cll j 30 
e 20 
Q. 
~ 10 
cO 0 
Urinary 8-lsoprostane F2 concentrations following 
exercise at 75% V02 Max Intensity 
~ tl Ul Ul Ul ~ 
a.. 0 c: c: c: :J a.. .E .E .E 0 
0 0 0 I 
<') <0 Ol <') 
Sample Time point 
so ± 6.83 
Mean 37.633 
Standard Error of 
Mean 2.160 
~ ~ 
:J :J 
0 0 
I I 
<0 Ol 
~ 
:J 
0 
I 
N 
~ 
:J 
0 
I 
"'" N 
8-fsoprostane F2a output in urine at 75% exercise intensity (above) rises at 30 minutes, 
followed by a large peak at 6 hours, similar to the output at 1 00% exercise intensity but none 
of these peaks in concentration of 8-lsoprostane F2a were significantly different (p=>0.05) to 
pre-exercise levels. Concentrations are still above pre-exercise levels at 24 hours post 
exercise. AT-test was performed to determine if there were any significant differences 
between urinary 8-lsoprostane F2a concentrations at 85% V02 Max and 75% V02 Max 
exercise intensities, but no significant difference was found (p=0.185) 
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Figure 6: Urinary 8-lsoprostane F2 concentrations following exercise at 55% V02 Max 
intensity 
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At 55% exercise intensity 8-lsoprostane F2a concentration in urine is very different from that 
at higher exercise intensities, with 'peaks' in concentration at 90 minutes and 3 hours. 
Concentration values dropped below pre-exercise values at 24 hours post exercise. The 
magnitude of concentration at the peaks is much greater than at exercise of 75% V02 Max 
and also greater than at 100% V02 Max exercise intensity, however, despite this, there were 
no significant differences (p=> 0.05) between any of these concentration peaks and pre-
exercise levels. AT-Test showed that there was no significant difference between 8-
lsoprostane F2a urinary out put at 75% and 55% V02 Max (p=0.396) 
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3.2 Results of urinary 2,3 Dinor,5~-dihydro-15-F(2t)-isoprostane (15-F2t-lsoPM) 
analysis following exercise 
Samples were analysed for the metabolite 15-F2t-lsoPM at the same time points as for 8-
lsoprostane F2a. 
Because 15-F2t-lsoPM is a major metabolite of 8-lsoprostane F2a, the results have been 
correlated with those of the 8-lsoprostane as can be seen in Chapter Two. 
Figure 7: Urinary 2,3 Dinor,5~-dihydro-15-F(2t)-isoprostane concentrations following 
aerobic exercise (n=14) 
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Figure 7 above gives the mean and Standard deviation values of each sample time point 
from all subjects irrespective of exercise intensity. Output 'peaks' of 15-F2t-lsoPM 
concentration occur immediately post exercise (labelled 'post' on the bar chart above) and 
prominently at 12 to 24 hours. The peaks in concentration in urine are therefore different from 
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those of the parent compound of this metabolite, 8-lsoprostane F2a. The magnitude of out 
put is also much greater than that of 8-lsoprostane F2a. 
Figure 8: Urinary 2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane concentrations following 
exercise at 100% V02 Max intensity 
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15-F2t-lsoPM out put in the urine at 100% V02 Max exercise intensity has an initial peak at 
30 minutes post exercise before concentration levels drop to below pre-exercise values. The 
steady rise in concentration at six hours until twelve hours is similar to that seen for the mean 
output for all exercise intensities (see Figure 7). None of the peaks in urinary15-F2t-lsoPM 
concentrations were significantly different from pre-exercise levels (p==>0.05) 
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Figure 9: Urinary 2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane concentrations 
following exercise at 85% V02 Max intensity 
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At 85% exercise intensity the first and largest 'peak' in 15-F2t-lsoPM concentration in the 
urine is immediately following exercise ('post') but this was not significantly different to pre-
exercise concentrations (p= 0.078). A steady rise in concentrations can also be seen from six 
to twelve hours (see Figure 9). The magnitude of concentrations is much higher than for 
100% V02 Max exercise intensity. AT-Test showed a significant difference between 15-F2t-
lsoPM concentrations at 100% and 85% V02 Max exercise intensities (p=0.004), over all time 
points (values at 85% V02 Max were larger). 
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Figure 10: Urinary 2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane concentrations following 
exercise at 75% V02 Max intensity 
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The 15-F2t-lsoPM concentration at 75% V02 Max exercise intensity seen in the bar chart 
above shows a very different pattern of urinary concentrations to the other exercise 
intensities, largely due to the greater amount of variation in concentrations. A peak in urinary 
concentrations is evident at 30 minutes and 3 hours. Unlike the 100% and 85% V02 Max 
exercise intensities, there is a high urinary concentrations of 15-F2t-lsoPM at 24 hours. There 
were no significant differences between any of the concentration peaks and pre-exercise 
levels (p=>0.05). 
T -tests showed that 15-F2t-lsoPM concentrations at an exercise intensity of 85% V02 Max 
were significantly larger than at exercise at an intensity of 75% V02 Max (p=0.007). 
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Figure 11: Urinary 2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane concentrations following 
exercise at 55% V02 Max intensity 
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At 55% V02 Max exercise intensity there are again, high concentrations of 15-F2t-lsoPM at 
24 hours, which is statistically significantly different from pre-exercise concentrations 
(p=0.02). Comparatively to the higher exercise intensities, 55% V02 Max exercise intensity 
yields high values of 15-F2t-lsoPM in the urine. (See Figure 11 ). T-tests showed that 15-F2t-
lsoPM concentrations at an exercise intensity of 75% V02 Max were significantly higher than 
at an exercise intensity of 55% V02 Max. (p= 0.01) 
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Figure 12: Urinary 2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane concentrations following 
anaerobic exercise 
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Anaerobic exercise produced the highest overall urinary concentrations of 15-F2t-lsoPM, as 
can be seen in the graph above (Figure 12). There is a small rise in concentrations 
immediately following cessation of the exercise and a very large increase at 9 hours 
(significantly different to pre-exercise levels p= 0.041) and 12 hours (significantly different to 
pre-exercise levels p= 0.0191), with levels dropping steeply to just above baseline levels at 24 
hours. T-tests showed a significant difference between all aerobic exercise intensities and 
anaerobic exercise (e.g anaerobic exercise versus aerobic exercise at 75% V02 Max 
p=0.0312) 
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3.3 Results of urinary 8-Hydroxy-2-deoxyguanosine ( 80HdG) analysis following 
exercise. 
Samples were analysed for 8-hydroxy-2-deoxyguanosine at the following time points; pre-
exercise (baseline), 1 hour, 3 hours, 6 hours, 12 hours and 24 hours post exercise. Results 
for time points for all aerobic exercise, irrespective of intensity are shown in Figure 13 below. 
Figure 13: Urinary 8-Hydroxy-2-deoxyguanosine concentrations following aerobic 
exercise (n=14) 
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Urinary 8-0hdG concentrations following exercise show the same kind of 'peak and dip' as 8-
lsoprostane F2a and 15-F2t-lsoPM, but the time points of these peaks and dips are different. 
In Figure 13. above, a large out put of urinary 8-0HdG can been seen at 6 hours post 
exercise, with concentrations dropping below pre-exercise levels at 12 hours. However, 
another large rise in concentrations occurs 24 hours after cessation of exercise. At 85% and 
55% V02 Max exercise intensity, urinary 8-0HdG levels are still above baseline at 24 hours 
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post exercise. The 100% V02 Max exercise intensity has produced the lowest levels of 
urinary 8-0hdG and 85% V02 Max the greatest levels, with levels at 75% V02 Max and 55% 
V02 Max falling approximately in between. 
Figure 14: Urinary 8-0hdG following aerobic exercise at 100%, 85%, 75% and 55% of V02 
Max 
Urinary 8-0HdG out put following exercise at 100%, 85%, 75% and 55% of V02 Max 
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8-0HdG production pattern and magnitude of concentrations in urine showed larger variations 
between intensities than either 15-F2t-lsoPM or 8-lsoprostane F2a and thus the data was 
presented in one bar chart in order that the magnitude of difference between the results for 
each exercise intensity could be clearly seen. Whereas the other free radical markers showed 
significant differences in production between 100% V02 Max and 85% V02 Max and between 
the other exercise intensities with variability, T-tests between 8-0HdG results for each 
exercise intensity, showed significant differences between all exercise intensities except 
between 75% V02 Max and 55% V02 Max (see Table 3 below). However only no significant 
differences were found between time points within exercise intensities, with the strongest 
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difference between pre-exercise levels and 24 hour concentrations following exercise at 85% 
V02 Max intensity (p=0.126) 
Table 3: T-Test results, 80HdG production in aerobic exercise 
1 00% V02 Max versus 85% V02 Max P= 0.0025 
100% V02 Max versus 75% V02 Max P= 0.0076 
100% V02 Max versus 55% V02 Max P= 0.012 
75% V02 Max versus 55% V02 Max P=0.281 
85% V02 Max versus 75% V02 Max P=0.025 
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3.4 Results of urinary Adrenaline analysis following exercise 
Adrenaline was analysed at slightly different time points to the other biomarkers but some of 
these time points were the same as for the three free radical markers (pre-exercise, post 
exercise, 1, 3 and 6 hours post exercise). One of the reasons for analysing adrenaline in the 
urine samples was to investigate whether adrenaline production (and therefore physiological 
stress) is in any way correlated to the production of biomarkers of free radicals (see 
Discussion for further explanations). 
Adrenaline profiles for all subjects 
Adrenaline was analysed in samples from the following time points: Pre-exercise (control) , 
immediately post exercise (post) , 1 hour, 3 hours and 6 hours post exercise. 
Figure 15: Urinary Adrenaline concentrations following aerobic exercise 
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Urinary adrenaline shows increased concentrations predominantly immediately following 
cessation of exercise as would be expected due to the nature of its bioactivity (see 
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Discussion) . However, although levels drop below pre-exercise concentrations at one and 
three hours post exercise, levels increase again to well over pre-exercise values at 6 hours 
post exercise. 
Figure 16: Urinary Adrenaline concentrations at 100% V02 Max exercise intensity 
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At 1 00% exercise intensity urinary levels of Adrenaline have risen significantly following 
exercise, as would be expected after its release during exercise. As with the average results 
of Adrenaline concentrations for all intensities (Figure 15) output values have fallen by one 
hour post exercise but are raised above pre-exercise concentrations at six hours post 
exercise. However the rise at 6 hours is not significantly different (p=0.2) 
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Figure 17: Urinary Adrenaline concentrations at 85% V02 Max exercise intensity 
Urinary Adrenaline concentrations at 85% V02 Max Exercise Intensity 
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Urinary Adrenaline concentrations immediately following exercise at 85% V02 Max show a 
very large increase, which precedes a decline in levels to below pre-exercise at one hour post 
exercise. Unlike exercise at 100% V02 Max, urinary adrenaline levels decrease at 3 hours, 
but show the same increase in levels at six hours. As with the 100% V02 Max exercise 
intensity, the increase was not significantly different to pre-exercise levels (p=0.59), in fact at 
six hours the concentrations are still below pre-exercise levels. 
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Figure 18: Urinary Adrenaline production at 75% V02 Max exercise intensity 
Urinary Adrenaline concentrations at 75% V02 Max Exercise Intensity 
800 .---------------------------------------------------. 
700 
CD 
·2 600 
;I 
e 500 
u 
CD 
.E 400 
CD 
c:: 
-~ 300 
iii 
c:: I!! 200 
"C 
c( 
100 
Pre Post 
so ± 218.37 
Mean 232.27 
Standard Error of Mean 97.660 
1 Hour 
Sampling Time Point 
3 Hours 6 Hours 
At 75% V02 Max exercise intensity adrenaline concentrations show a small increase 
immediately following exercise but this is only small in comparison to 100% and 85% V02 
Max intensities. As with 1 00% and 85% V02 Max exercise intensities the same drop at one 
hour occurs. There is a minor but insignificant increase in concentrations at 3 hours, but a 
large and significantly different increase in output above pre-exercise levels at six hours post 
exercise p=0.0482. 
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Figure 19: Urinary Adrenaline concentrations at 55% V02 Max exercise intensity 
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Urinary Adrenaline concentrations have the increase immediately post exercise at 55% V02 
Max intensity, that is seen at all other exercise intensities analysed. There is also the same 
decline in concentrations to below pre-exercise levels at one hour. The difference at this 
intensity is that the large secondary increase in adrenaline levels is at three hours rather than 
at six hours. At six hours there is instead a decline in out put of adrenaline in the urine, 
although levels are still above pre-exercise levels. No significant differences were found 
between any of the peaks in Adrenaline concentrations and pre-exercise levels (p=>0.05) 
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Chapter Two 
3.5 Comparison of biomarker production: to analyse possible relationships in the 
production of biomarkers following exercise. 
T -test and Anova analysis was used to compare results from free radical markers for 
significant differences in quantitative production. Analysis was carried out on all subject 
results and average results for each exercise intensity. As the markers of free radical 
production were not all derived from the same metabolical pathways, it is not expected that 
they should correlate or show any relationship, except that is between 8-lsoprostane F2a and 
15F2t-lsoPM, which are both products of the same pathway. Comparisons between markers 
from unrelated metabolic pathways (for example 8-0HdG from DNA modification and 8-
lsoprostane F2 from peroxidation of membrane lipids) were conducted to investigate any 
possibility of the body metabolising these products at a similar rate. 
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3.5.1 Comparison of average values of 8-lsoprostane F2a and 15F2t-lsoPM 
production 
Figure 20 below shows average 8-lsoprostane F2a and 15F2t-lsoPM profiles over all of the 
exercise intensities. As can be seen from the difference in primary and secondary y-axis 
scale, the magnitude of production of the two biomarkers is very different. 
Figure 20: Urinary 8-lsoprostane F2a and 15F2t-lsoPM concentrations following 
aerobic exercise 
8-lsoprostane F2 and 15F2t-lsoPM concentrations following aerobic exercise 
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Figure 20 above shows that the concentration changes in urinary out put (the pattern of out 
put) of 8-lsoprostane F2a and 15F2t-lsoPM is very similar immediately post exercise, 30 
minutes post and 60 minutes post exercise sampling time points, although the urinary 
concentrations of the two biomarkers are very different. There is also a similarity in 
concentration changes of the two markers between nine and 24 hours post exercise. Between 
60 minutes post exercise and nine hours post exercise however, the pattern of concentrations 
is quite different with a rise in one biomarker showing an opposing decrease in out put from 
the other. 
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Figure 21: Correlation of means: 8- lsoprostane F2a versus 15F2t-lsoPM 
concentrations following aerobic exercise 
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Figure 21 shows the relationship between 8-lsoprostane F2a and 15F2t-lsoPM from all 
exercise intensities. As can be seen, the correlation coefficient shows that there is a relatively 
strong (but not significant (p=0.08) relationship between the production of the two biomarkers 
(R2 = 0.7134). Statistical analysis gave a significant difference value of p=0.000171 between 
the production of 8-lsoprostane F2a and 15F2t-lsoPM at 100% V02 Max and a significant 
difference value of p=0.000169 between the production of 8-lsoprostane F2a and 15F2t-
lsoPM at 85% V02 Max. This shows that quantitatively, the concentrations of the two 
biomarkers are very different. 
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3.5.2 - Correlations between the free radical markers 8-lsoprostane F2a and 8-0hdG 
Figure 22: Comparison of 8-Hydroxy-2-deoxyguanosine and 8-lsoprostane F2a 
concentrations following exercise. 
In Figure 22 below, it can be seen that the two biomarkers match each other in changes in 
concentrations quite closely, although the magnitudes of concentration are very different. 
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A paired t-test was then run for quantitative differences between the concentrations of the two 
biomarkers. The t-test gives a significance value of p =0.025. This shows that there is a 
significant difference in the quantitative production of the two biomarkers and therefore no 
relationship in concentrations of the biomarkers produced. 
The results are similar to those given for the correlation between 8-lsoprostane and 15F2t-
lsoPM in that there is little relationship between the quantities of biomarkers being produced, 
but instead the relationship is between the pattern of concentration changes. 
A correlation graph was plotted (see Figure 23) giving a correlation value of 0.4253. This 
shows a weak but positive correlation in the production of the two biomarkers. 
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Figure 23: Correlation of 8-0hdG versus 8-lsoprostane F2a concentrations following 
exercise 
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Figure 24: A comparison of the urinary concentrations of 8-lsoprostane F2a and 8-
Hydroxy-2-deoxyguansoine, following exercise 
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3.5.3 - Correlations between the markers 8-lsoprostane F2a and Adrenaline 
Figure 25 below shows the comparison of the production of adrenaline and 8-lsoprostane 
F2a. Adrenaline is not considered to be a marker of free radical production and damage but 
instead a marker of physiological stress. It was decided to correlate adrenaline production 
with the production of biomarkers of free radical damage to see if there was any relationship 
between physiological stress and free radical damage. 
Figure 25: Comparison of Adrenaline and 8-lsoprostane concentrations following 
exercise 
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Figure 25 above shows a similarity in the concentration changes of the two markers, both 
have dips and peaks in concentration at the same time. This indicates that the metabolic and 
hormonal pathways responsible for the production of the free radicals that may have in part, 
mediated the production of these two markers, are linked. 
AT-test between the two markers gave a difference value of p= 0.03, showing a significant 
difference in quantitative production between the two markers. A correlation graph was 
plotted (below) and the correlation co-efficient calculated. This gave a positive value of R2 = 
0.6, again showing a fairly strong relationship in the production of the two biomarkers. 
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Figure 26: Correlation of means: Adrenaline versus 8-lsoprostane F2a concentrations 
following exercise 
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3.5.4 - Correlations between urinary concentrations of 8-Hydroxy-2-deoxyguanosine 
and Adrenaline 
Figure 27 below shows the production of adrenaline compared to the production of 8-0hdG. A 
paired AT-Test showed that differences in quantitative production of the two markers of free 
radical production was not significant (p=0.53). A correlation value of -0.39, showed a small 
negative correlation between the two ) Such a relationship would indicate an inverse 
relationship. 
Figure 27: Comparison of Adrenaline and 8-0HdG concentrations following exercise 
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It must be noted here that there is no correlation value for the sample taken immediately post 
exercise, as a sample was not taken at this time for 8-0HdG, so therefore this sample time 
point could not be compared . This was a very important time point in the measurement of 
adrenaline as adrenaline rises during exercise and so is likely to be in present in the urine at 
higher levels than pre-exercise, immediately following cessation of exercise. 
The correlation of means graph below of adrenaline concentrations versus 8-0HdG 
concentrations following exercise, shows no evidence for a direct relationship between the 
production patterns of the two urinary markers, giving a correlation coefficient of just 0.158. 
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Figure 28: Correlation of means: Adrenaline and 8-0hdG concentrations following 
exercise 
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A paired t-test was performed to see if there were any significant differences in the 
quantitative production of Adrenaline and 8-0HdG. This gave a non- significant value of p = 
0.46. This result means that there is no significant difference in the quantitative production of 
the two biomarkers. Unlike the correlations between the other biomarkers analysed, there is 
little relationship between the changes in concentrations of adrenaline and 8-0HdG. 
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Chapter Three 
3.6 Study Two: Results from each free diving event 
Subject 2C dropped out of study after giving only one pre-exercise sample. In Tables 4-6, AP 
indicates 'announced performance' which is the performance each competitor attempts to 
reach. 'RP' is the 'recorded performance' and is the actual length the competitor has 
completed in the competition. 
Table 4: Event: Dynamic with fins 
Subject AP- Metres RP- Water Judged as Notes 
Metres Temperature 
S1C 65 68 15°C Clean 
S3C 65 116 15°C Yellow Card Card Retracted 
- New British 
Record 
S4C 58 58 14°C Clean 
sse 40 36 14°C Clean 
Table 5: Event: Constant Weight with fins 
Subject AP- RP- Judged Notes Surface Increase in 
Metres Metres as Water Atmospheric 
Temperature Pressure 
S6C 52m 52m Clean 7°C 5.2 ata 
S7C 45m 45m Yellow 8°C 4.5 ata 
Card 
sse 50m 50m Clean 8°C 5 ata 
S9C 42m 42m Yellow Card 8°C 4.2 ata 
Card retracted 
Table 6: Event: Static Apnoea 
Subject AP-Mins RP-Mins Judged as Water 
Temperature 
S10C AP- Smins 05 RP- Smins 10 Samba 12°C 
sees sees 
S11C AP - 4mins 50 RP - 4mins 55 Samba 12°C 
sees sees 
S12C AP- Smins RP-4mins 3 Clean 12°C 
sees 
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Sample Time Points: 
Five samples of urine were taken for analysis of 8-lsoprostane F2 and 15F2t-lsoPM at the 
following time points; Pre-exercise, 1 hour, 3 hours, 6 hours and 9 hours post exercise. As 
explained previously (see methods) samples could not be taken later than 9 hours post 
exercise, due to competition restrictions. 
3.6.1 8-lsoprostane F2 Results for each event. 
The bar charts below show the 8-lsoprostane F2a profiles for each event. 
Figure 29: Urinary 8-lsoprostane F2a concentrations following Dynamic Free Dive 
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Figure 29 shows a steady increase in urinary 8-lsoprostane F2a beginning at one hour and 
peaking at 3 hours post exercise. This is followed by an increase in out put at six hours post 
exercise, with levels still above pre-exercise concentrations at 9 hours. A t-test showed a 
significant difference in concentrations of 8-lsoprostane F2a between pre-exercise and 6 
hours (p=0.03). 
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Figure 30: Urinary 8-lsoprostane F2a concentrations following the Constant Weight 
Free Dive Event 
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In the constant weight event, the first increase in urinary 8-lsoprostane F2a output is at one 
hour, with levels declining below pre-exercise values until nine hours where there is another 
increase in output. However an ANOVA showed that there are no differences between 
sample points (p;:::Q.823). Concentration values of 8-lsoprostane F2a into the urine are lower 
than for the Dynamic event, with smaller quantitative variances and the pattern of output is 
very different, although this was not a significant difference (p= 0.82). 
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Figure 31: Urinary 8-lsoprostane F2a concentrations following the Static Free Dive 
Event 
Urinary 8-lsoprostane concentrations following the Static Event 
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Figure 31 shows a large rise in urinary 8-lsoprostane F2a concentrations in the urine at the 
six hour post exercise time point. In particular this peak was largely generated by the results 
from one subject who had a very large output of 8-lsoprostane F2a at this time point. This 
may be an anomaly, however results of 15F2t-lsoPM analysis on the same sample of this 
subject also yielded large concentrations, as can be seen later in the chapter (page 91) . Even 
without this peak, the levels of 8-lsoprostane F2a being excreted into the urine are 
significantly larger at the 3 hour sample point than for either the Constant weight event (p= 
0.017) and the Dynamic event (p=0.046). The pattern of changes in concentration is also 
much different to the other events, with 8-lsoprostane F2a levels dropping below pre-exercise 
values at nine hours. 
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3.6.2 15F2t-lsoPM Results for each event 
Samples were analysed for the same time points as with the 8-lsoprostane F2a and the 
results are shown for each of the three events, below. 
Figure 32: Urinary 15F2t-lsoPM concentrations following the Dynamic Free Dive Event 
(n=4) 
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Figure 32: A small increase in 15F2t-lsoPM concentrations in the urine at one hour post dive, 
is followed by two increases in concentrations at six and nine hours post dive. No samples 
were taken after nine hours but by the pattern of general increase in concentrations, levels of 
15F2t-lsoPM may have continued to rise. The pattern of concentration changes is different to 
that of 8-lsoprsotane F2a for the same event, where levels had dropped notably by 9 hours. 
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Figure 33: Urinary 15F2t-lsoPM concentrations following the Constant Weight Free 
Dive Event 
(n=4) 
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Figure 33 above shows an increase in 15F2t-lsoPM concentrations at one hour and nine hour 
post exercise time points, but these increases are not significantly different to the 
concentrations for any of the other time points (p=0.61 ). In the constant weight event, unlike 
for the dynamic event where the pattern of concentration changes was very different between 
8-lsoprsotane F2a and 15F2t-lsoPM, the pattern of concentration changes for 15F2t-lsoPM is 
very similar to that of 8-isoprostane F2a. 
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Figure 34: Urinary 15F2t-lsoPM concentrations following the Static Free Dive Event 
(n=3) 
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Figure 34 shows 15F2t-lsoPM concentrations for the static event, where there is a marked 
increase in urinary 15F2t-lsoPM concentrations at 6 hours post exercise. Similarly to the 
results of 8-isoprostane F2a analysis, the dips and peaks in 15F2t-lsoPM concentration in all 
three events is different, with changes in output occurring at varying time points. 
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3.6.3 Adrenaline Profiles 
Unfortunately, due to financial limits, adrenaline was only analysed for three of the subjects in 
this study. Adrenaline was analysed from samples of subject competing in the constant 
weight event. In each of the three subjects adrenaline concentrations are raised 3 hours post 
dive. In one individual there was a drop in urinary adrenaline concentrations followed by a 
large increase 3 hours post exercise, (Subject 7). This pattern of concentration changes was 
also found in Study One, although here the rise is earlier than in Study One where adrenaline 
levels rose above pre-exercise levels six hours post exercise. 
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Figure 35: Urinary Adrenaline 
concentrations, post dive, for subjects 
who competed in the Constant Weight 
Event. 
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3.7 Correlation of 8-lsoprostane F2a and 15F2t-lsoPM results for all Free Dive Events 
Figure 36 shows the urinary concentrations for 8-lsoprostane F2a and 15F2t-lsoPM for all of 
the Free Dive Events. There appears little evidence of a positive relationship between 8-
lsoprostane F2a and 15F2t-lsoPM, both in terms of marker concentrations and changes in 
the urinary concentrations at the different time points. 
Figure 36: Comparison of 8-lsoprostane F2a and 15F2t-lsoPM concentrations post dive 
(All events). (n=11) 
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A t-test confirmed a weak relationship between urinary concentrations of the two markers (p= 
0.42) . 
Figure 37 below shows that there is no relationship between 8-lsoprostane F2a and 15F2t-
lsoPM concentrations over all three of the dive events, with a correlation factor of only R2 = 
0.0027 
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Figure 37: Urinary 8-lsoprostane F2a versus 15F2t-lsoPM concentrations for all events 
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Chapter Four 
3.8 Comparisons between results of Study One and Study Two 
The results of Study One and Study Two were compared to see if there were any similarities 
and differences between the two sets of results. 
3.8.1 Comparison between 8-lsoprostane F2a results of Studies One and Study Two 
Figure 38 below shows the results from analysis of 8-lsoprostane F2a from Study One and 
Study Two 
Figure 38: Comparison of Mean 8-lsoprostane F2a concentrations for Study One and 
Study Two 
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In Study Two, 8-lsoprostane F2a is produced in similar quantities to Study One at most 
sample time points, as can be seen in Figure 38. However, there is a large difference in 
concentrations at 6 hours post exercise, where the production of 8-lsoprostane F2a is much 
greater in Study Two. The concentration values for Study Two are in general much larger 
than in Study One. AT-test showed a significant difference between 8-lsoprostane F2a 
concentrations for Study One and Study Two (p=0.036). The pattern of urinary concentration 
changes of 8-lsoprostane F2a is similar for both studies, indicating that both types of exercise 
produce a similar metabolic response. 
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Figure 39 below shows there is evidence for a strong correlation between the two urinary 
markers. 
Figure 39: Correlation of Means: 8-lsoprostane F2a concentrations for Studies One 
and Two 
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3.8.2 Comparison of 15F2t-lsoPM results of Studies One and Two 
Figure 40 below shows the results from analysis of 15F2t-lsoPM from Study One and Study 
Two 
Figure 40: Comparison of mean 15F2t-lsoPM concentrations for Study One and Study 
Two 
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Figure 40 shows that like the results for 8-lsoprostane F2a, there is little similarity in the 
profile of concentration of 15F2t-lsoPM between the two studies. Quantitatively, the results for 
the two studies are not similar, with Study Two producing more 15F2t-lsoPM than study One, 
at significant difference of p=0.04. There appears to be little evidence for a positive 
relationship between the concentrations of 15F2t-lsoPM for both studies and this is can be 
seen in the graph below (Figure 41). 
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Figure 41: Comparison of mean 15F2t-lsoPM concentrations for Studies One and Two 
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As can be seen in Figures 40 and 41 above, the large urinary concentration of 15F2t-lsoPM 
produced in the Static event by one individual has had a large influence on the results. 
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4.Part Four- Discussion 
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Chapter One 
4.1 Study One 
The aim of this research was to investigate the level of oxidant production in exercise of a 
variety of intensities, with exercise intensity based upon an individual's maximum oxygen 
uptake capacity (V02 Max). This was in order to try and establish if there was a particular 
exercise intensity where upon free radical production increased. This may help to establish 
whether there is an 'optimum' exercise intensity where cardiovascular health is maintained 
but does not lead to excessive cellular damage from free radicals and oxidants. 
8-lsoprostane F2a production 
In this project, markers of free radical damage to cellular structures were measured in the 
urine. The results for 8-lsoprostane F2a production showed that free radical production is 
different for each exercise intensity. From the results of past literature describing free radical 
production in acute and aerobic exercise (Pedersen eta/, 1999; Sugiura et al, 2001 ; Leaf et 
a/, 1997; Hsu eta/, 2002) and knowledge that an increase in oxygen level in the body 
generally leads to an increase in free radical production (Sen, 2001 ; Packer, 1997; Ashton et 
a/, 1999), it would be easy to assume that the 100% exercise intensity would yield the highest 
levels of 8-lsoprostane. However, the results from Study One do not support this. The 1 00% 
V02 Max exercise intensity actually generated the lowest levels of 8-lsoprostane F2a. The 
85% V02 Max exercise intensity produced the highest 8-lsoprostane F2a levels, but 
surprisingly the 75% and 55% V02 Max exercise intensities also produced some relatively 
high 8-lsoprostane F2a levels in comparison with the 100% V02 Max exercise intensity. A 
significant difference (p= 0.044) was found between 8-lsoprostane F2a at 100% V0 2 Max 
exercise intensity and 85% V02 Max exercise intensity. One explanation to this could be that 
those subjects exercising at 1 00% of their V02 Max, failed to complete the allotted 30 minute 
exercise period, whilst for all other exercise intensities, the 30 minute period was always 
completed. Therefore, those subjects that exercised below 100% of their V02 Max were 
exercising for longer. 
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Inclusion criteria for this research was that participants be of a particular fitness level , with all 
subjects having to be involved in regular exercise. All subjects were used to frequent and 
strenuous exercise and therefore their recovery period from a bout of maximal exercise was 
swift. Because of this, the oxygen debt from maximal exercise was 'repaid' quickly and resting 
heartbeat restored within a few minutes. Even with this oxygen debt to repay, those 
exercising at 1 00% V02 Max would have been consuming greater quantities of oxygen 
(compared to resting values) for a shorter period than those exercising at lower exercise 
intensities. This suggests that acute exercise, even at maximal intensities, does not lead to as 
much free radical mediated damage to membrane lipids as endurance exercise. 
The difference in exercise duration between 100% V02 Max and the other exercise intensities 
was approximately 15-20 minutes. It is also important to remember that oxygen uptake at 
maximal exercise will only be greater than for the other exercise intensities (due to the greater 
demand for energy at a maximal exercise than at the other exercise intensities) for a short 
period of time as the body will very quickly begin to produce energy anaerobically. This is due 
to the nature of the exercise, which demands maximal energy production at a high rate. 
Therefore the body does not have time to produce energy via the slower use of oxygen and 
instead very quickly, energy production becomes anaerobic. Anaerobic metabolism is not 
sustainable and the subject therefore fatigues, the cause of all subjects' failure to complete 30 
minutes in this study. The fact that exercise at 1 00% V02 Max will quickly become anaerobic 
may also partly explain why free radical mediated cellular damage was lower at maximal 
exercise than at the other three exercise intensities. 
If the duration of exercise and thus duration of increased oxygen uptake were taken as an 
explanation for the higher production of free radicals on its own it would suggest that only the 
duration and not the intensity of exercise was responsible for increases 8-lsoprostane F2a 
and would not explain the differences in production of 8-lsoprostane F2a between the other 
exercise intensities. For example the highest exercise intensity that was sustained for the full 
thirty minutes (85% V02 Max) created the greatest output of urinary 8-lsoprostane F2a, 
therefore showing that not only does duration of exercise have an effect on free radical 
production, but the intensity of exercise also plays a large part in the determination of free 
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radical production and the consequences of free radical effect on modification and damage to 
cellular function. Because the results from Study One show that exercise intensity at 85% 
V02 Max leads to a greater urinary output of 8-lsoprostane F2a than either 75% and 55% 
V02 Max, it suggests that the higher the intensity of the exercise, the greater the risk of free 
radical mediated damage to cellular structures. However, there was no significant difference 
in urinary 8-lsoprostane F2a between either 85% V02 Max and 75% V02 Max intensity 
(p=0.184) and 75% V02 Max and 55% V02 Max intensity (p= 0.396). 
As oxygen intake tends to increase in a linear fashion to exercise intensity (Xu and Rhodes, 
1999) the results support past literature showing that the greater oxygen intake that occurs 
during higher intensities of exercise can lead to greater free radical mediated cellular lipid 
damage (Sen, 2001 ; Packer, 1997; Ashton et at, 1999). In Study One, urinary 8-lsoprostane 
F2a did not increase significantly as exercise intensity increased, although it did show a 
general rise in output with increase in exercise intensity (> 55% V02 Max) , with levels of 8-
lsoprostane F2a higher at 85% V02 Max than at 55% V02 Max intensity of exercise. 
Therefore the results of this study showed that the duration of exercise had a bigger influence 
on free radical mediated damage to membrane lipid structures than exercise intensity. 
2,3 Dinor,5-6-dihydro-15-F(2t)-isoprostane production 
15 F2t-lsoPM is generated as a metabolite of the 8-lsoprostane F2a by one step J3-oxidation 
of arachidonic acid. Investigators analysing 8-lsoprostane F2a often measure 15 F2t-lsoPM 
as a comparator to 8-lsoprostane F2a, as they are both produced from the same pathway. 
However, the results from this study show that the 8-lsoprostane F2a and its metabolite 15 
F2t-lsoPM have not only very different levels (concentrations) of production but also have 
very different production rates (concentrations at certain time points). 
Results in this study suggest that urinary 15 F2t-lsoPM is generated in far higher, often 
greater than double, quantities than its parent compound 8-lsoprostane F2a, showing that it 
must also be generated via another pathway. This has also been described by research from 
Burke at at (2000) and Hou et at (2001). The production of 15 F2t-lsoPM is directly related to 
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8-lsoprostane F2a, as 8-lsoprostane F2a, is formed as a product of free radical attack on 
arachidonic acid (AA) but literature has suggested that 15 F2t-lsoPM can also be generated 
by free radical mediated damage to y-linolenic acid, which itself may be formed as a 
degradation product of AA (Hou et at, 2001 ; Burke et at, 2000) . Arachidonic acid is far more 
abundant in the tissues than y-linolenic acid and thus it is assumed that 15 F2t-lsoPM is 
produced via non-specific attack on AA, but the magnitude of generation of 15 F2t-lsoPM 
from both sources is unknown. 
Results from the present study show that there is a positive relationship between the urinary 
output of the 8-lsoprostane F2a and 15 F2t-lsoPM, but it is not a strong one (R = 0.6807) . 
There was a significant difference in the production of 8-lsoprostane F2a and 15 F2t-lsoPM 
at 100% and 85% V02 Max (P= 0.000171 and P=0.000169, respectively) . 
However, similarly to 8-lsoprostane F2a, an exercise intensity of 100% V02 Max generated 
the lowest quantity of 15 F2t-lsoPM and an exercise intensity of 85% V02 Max produced the 
greatest quantity during aerobic exercise. 15 F2t-lsoPM concentrations at 100% V02 Max 
was significantly lower than concentrations at an exercise intensity of 85% V02 Max 
(p=0.004). In this respect therefore, 15 F2t-lsoPM showed the same response to different 
intensities and durations of exercise as its parent compound, even with the possibility of two 
routes of generation; with greater quantities being produced at longer exercise durations at a 
higher intensity of exercise. This suggests that free radical attack on arachidonic acid may 
well lead to both pathways of 15 F2t-lsoPM generation (as metabolite of 8-lsoprostane F2a, 
or as a metabolite of auto-oxidation of GLA). This would mean that, although 15 F2t-lsoPM 
would be produced in different concentrations to its parent compound, 8-lsoprostane F2a, 
due to its formation via two pathways, it would show a similar response (in production) to 
each exercise intensity as 8-lsoprostane F2a, due to the initial magnitude of free radical 
attack on AA .. 
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Unlike 8-lsoprostane F2a however, there were significant differences in 15 F2t-lsoPM 
concentrations between the other exercise intensities, with a significant difference in 
concentrations between 85% V02 Max and 75% V02 Max (p=0.007) and between 75% V02 
Max and 55% V02 Max (p=0.01 ). Thus, in this study, the higher the intensity of exercise the 
greater cellular lipid peroxidation occurs, as measured by both 15 F2t-lsoPM and 8-
lsoprostane F2a. There was also a high urinary concentration of 15 F2t-lsoPM during 
anaerobic exercise, with urine samples from some time points having greater 15 F2t-lsoPM 
concentrations than aerobic exercise at an intensity of 85% V02 Max. The urinary 15 F2t-
lsoPM concentration following anaerobic exercise is not significantly different however to that 
produced at 85% V02 Max. There is a significant difference between the production of 15 
F2t-lsoPM during anaerobic exercise and aerobic exercise at 75% V02 Max (p=0.0312). It 
seems odd for the production of oxidants to be at a high level during an activity that is largely 
devoid of oxygen metabolism, but as explained in the introduction, free radicals are not only 
generated by oxygen 'leaks' at the mitochondrial electron transport chain. The explanation for 
the high production of free radical mediated damage during anaerobic exercise may be that it 
involves complex hormonal 'adaptive' processes (where the body is adapting to the exercise 
stressor) and immunological responses that may be induced by free radical production. For 
example, the eccentric contractions employed in resistance exercise (as was performed 
during this study) can induce hypertrophy of the muscle fibres via a series of endocrine 
responses. There is a pronounced increase in catecholamines and androgens that help to 
enhance muscular growth (Kraemer, 1988; Kraemer, 1992) and these are very susceptible to 
free radical attack (Alessio eta/, 1999). Due to muscle hypertrophy during resistance exercise 
there is also a heightened immune response as muscular fibres are destabilised and often 
damaged. Such muscular damage leads to inflammation and in influx of leukocytes to the 
area. Pizza eta/, (1995) and Lee eta/, (2002) both found that neutrophil activity to areas of 
muscular damage was heightened for up to 12 hours post exercise. Subsequent effects of 
free radical production from neutrophil phagocytosis and the production of pro-inflammatory 
cytokines may be felt as an effect by the familiar DOMS (Delayed Onset Muscle Soreness) 
that many athletes experience. These inflammatory responses, known to generate free 
radicals at a heightened rate, may be enhanced further by the general hypoxic environment of 
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the muscle during anaerobic exercise. Hypoxia within vascular tissue has been shown to 
produce oxidative bursts in macrophages (Hoshikawa eta/, 2000). Previous research has 
also suggested that hypoxia and exercise induce the same effect in immune response 
(stimulation of leukocyte and neutrophil trafficking) and therefore the two factors combined 
may result in a greater immune response (Pedersen and Steenberg, 2002). A greater 
response of neutrophil activity to the areas of muscular tissue metabolising in hypoxic 
conditions could lead to greater respiratory burst events and therefore produce larger 
quantities of free radicals. 
It is also worth remembering that although oxygen metabolism is not a part of anaerobic 
exercise, the resting metabolic rate of individuals that perform anaerobic exercise is higher 
than untrained individuals and beta oxidation is therefore enhanced (Hunter et at, 2000; 
Osterberg and Melby, 2000). The increase in resting metabolism increases oxygen 
consumption and therefore, may lead to higher yields of free radicals. Therefore during 
aerobic exercise the primary source of free radical production appears to be via the 
mitochondrial electron transport chain, but in anaerobic exercise, this source of free radicals 
is reduced but there is a heightened production of free radicals via auto-oxidation of 
catecholamines and via phagatosis in macrophages. 
Raised levels of 15 F2t-lsoPM may indicate an increase in free radical mediated attack to 
membrane lipids and therefore are worthy of analysis as a marker of free radical damage. 
Aside from this, 15 F2t-lsoPM also exerts biological activity and thus when produced in 
increasing amounts will induce further biological events before being expelled from the body 
via the urine. This is an unusual property of 15 F2t-lsoPM, as most metabolites of F2 
prostaglandins do not exert biological activity and those that do, are usually very different 
from the parent compound. Not only does 15 F2t-lsoPM have bioactivity, this bioactivity is 
also very similar to that of the parent compound 8-lsoprostane F2o.. As explained in the 
introduction, both 8-lsoprostane F2o. and 15 F2t-lsoPM are potent vasoconstrictors and 15 
F2t-lsoPM may be as equally potent in its ability to induce vasoconstriction as 8-lsoprostane 
F2o.. 
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In this research 15 F2t-lsoPM was generated in much larger quantities than 8-lsoprostane 
F2a. As its bioactivity has been shown to be as effective as that of 8-lsoprostane F2a, it could 
be suggested that it has the potential to exert greater a biological effect than 8-lsoprostane 
F2a. The results of vasoconstriction may result in cellular damage, as seen during hypoxia, 
but it also plays a very vital role in oxygen delivery during exercise. The effects of 
vasoconstriction in exercise occur particularly in strenuous exercise. As exercise intensity 
increases, the working muscles demand more oxygen. The heart works to pump the oxygen 
to these muscles but the oxygen supply to vital organs such as the brain, liver and heart itself 
remain the most important oxygen consumers. Therefore, at a point where oxygen demand 
can not be met in both the vital organs and the muscles, vasoconstriction plays a vital role in 
shunting the oxygen away from the extremities, namely the large exercising skeletal muscles, 
in order that the oxygen supply to the vital organs does not decrease. Muscular tissue is well 
adapted to brief periods of oxygen starvation and will begin to perform under anaerobic 
conditions. Due to acidosis (lowering of the blood pH due to a build up of excess carbon 
dioxide) however, fatigue soon occurs. 
8-Hydroxy-2-deoxyguanosine (8-0HdG) production 
Urinary analysis of 8-Hyrdroxy-2-deoxyguanosine showed a similar pattern of production to 
that of 8-lsoprostane F2a and 15 F2t-lsoPM, although the time of the 'peaks' in urinary 
concentration were different, with highest concentrations at three hours rather than six hours 
post exercise. As with the other markers of free radical production, there is a ' pattern' to the 
concentration changes, that is, there appears to be continuous repair to damaged DNA bases 
and removal of the oxidised deoxynucleosides, which the body eliminates from the body via 
the kidney at a variable rate. However, it is difficult to distinguish whether the fluctuations are 
due to an inconsistency in the rate of repair or due to the rate at which the 8-0HdG is 
removed from the body. Whatever the reason, the results show that the guanosine base is 
being repaired at a rate above pre-exercise levels for up to 24 hours after exercise. It must 
also be noted that there were not as many sample time points for 8-0HdG as for 8-
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lsoprostane F2a and 15 F2t-lsoPM and therefore comparisons between 8-0HdG and 8-
lsoprostane F2a and 15 F2t-lsoPM can only be made at a limited number of time points. 
The effect of exercise on the rate of 8-0HdG production was very similar to that of the other 
markers analysed. At 100% V02 Max 8-0HdG production remains reasonably low whereas 
85% V02 Max produced the greatest urinary 8-0HdG levels. There is a very significant 
difference between the 8-0HdG production at the two exercise intensities of 1 00% V02 and 
85% V02 (p=0.0025). Again, as with the other markers analysed, 75% V02 Max and 55% 
V02 Max produced lower quantities of 8-0HdG than 85% V02 Max but higher quantities than 
1 00% V02 Max. There is a significant difference between the production of 8-0HdG at 1 00% 
V02 Max and 75% V02 Max (p=0.0076) and also between 100% V02 Max and 55% V02 
Max (p=0.012). Therefore in this study, exercise durations of 30 minutes at even moderate 
intensity (55% V02 Max) result in greater urinary concentrations of 8-0HdG than short 
duration, maximal exercise (100% V02 Max). 
There is no difference between rates of production of 8-0HdG at 55% and 75% V02 Max 
(p=0.281), however 85% V02 Max produces significantly higher concentrations of 8-0HdG 
than 75% V02 Max (p=0.025). 
Adrenaline production 
Adrenaline is released during exercise in order for the body to exercise to its maximum 
capacity. Release of adrenaline is one of a number of metabolic responses to the exercise 
stimulus, (as described in the introduction; Part One and also in the description of biomarkers 
analysed, Pat Two, section 2.4). Research has indicated that adrenaline release and the 
activation of the sympathetic system as a whole continues after exercise. The results from 
Study One show a large rise in adrenaline out put immediately following the cessation of 
exercise. The rate of release was, as with all the other markers analysed, unique to each 
participant but adrenaline was always raised above baseline measurements immediately after 
exercise. This large urinary output of adrenaline immediately post exercise was followed by a 
steep decline in adrenaline concentrations at one hour post exercise (average scores). 
Adrenaline levels did not remain below pre-exercises levels however and there was a large 
increase in adrenaline urinary out put at approximately three to six hours post exercise. There 
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are several reasons why this may be so. Following exercise there is a sustained elevation in 
hormonal out put in the body, which assists with the repair and building of muscular tissue to 
enable the body to cope with increases in exercise parameters (for example, as is seen in 
strength training), (Kraemer, 1988). Another reason may also be the association between 
catecholamine production and immune response. Exercise induces an increase in neutrophil 
concentration and this elevation is sustained post exercise (Pedersen eta/, 1999). Adrenaline 
has been shown to be involved in the modulation of neutrophil trafficking (Pedersen and 
Adam, 2002), although sub-populations of leukocytes vary in their response to adrenaline due 
to variations in adrenergic receptors. Adrenaline may thus help to elevate immune response 
to exercise by increasing the mobilisation of neutrophils and natural killer cells from natural 
stores such as the bone marrow (Pedersen and Steenberg, 2002). Exercise has also been 
shown to elevate the production of pro-inflammmatory cytokines from mobilised immune cells, 
particularly interleukin-6 (IL6) and interleukin-1 (IL 1). Activation of such cytokines can result in 
immune mediated muscle soreness via inflammation. Adrenaline may exert a form of anti-
oxidant capacity in its ability to inhibit the production of pro-inflammatory cytokines (IL-6 and 
IL-1) and thus help to decrease inflammation. 
In contrast to this Starkie eta/ (2000) found a reduction in the production of cytokines 
following exercise even though there was a general increase in monocyte production but 
suggests that this could be due to an inhibitory effect of elevated adrenaline plasma levels 
post exercise. 
There seem to be a number of reasons to explain why elevated adrenaline production is 
sustained several hours post exercise, with the most likely explanation being the links 
between exercise and hormonal adaptive processes and between exercise and immune 
response. Adrenaline has a multi-use role within the body during and after exercise and has 
the ability to produce free radicals but also has the ability to inhibit them. 
4.1.1 Correlations between the urinary markers offree radical mediated cellular 
damage analysed in this research. 
The urinary markers of free radical damage analysed indicate free radical mediated damage 
to different cellular structures and therefore the effect of free radical mediated damage to 
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these different molecular structures may be different. However, correlations between 
unrelated markers of free radical damage such as 15 F2t-lsoPM and 8-0HdG (damage to 
membrane lipids and DNA bases respectively) may give insight into whether certain 
intensities of exercise can generally indicate production of ROS in the same way. For 
example, 8-lsoprostane F2a as explained throughout this research, is a marker of free radical 
mediated damage to membrane lipid structures. 8-0HdG is a product of repair to free radical 
mediated damage to the DNA guanosine bases. These two urinary markers are produced at 
very different concentrations within the urine, however, the relative rate at which they are 
excreted into the urine is similar. This means that when one of the two urinary markers 
increases in concentration at a certain sample time point, so generally does the other and 
vice versa. 
This relationship between urinary marker concentration variation occurred between many of 
pairs of correlated markers, including between the most obvious correlation of related urinary 
markers of free radical damage that were analysed in this research; between 8-lsoprostane 
F2a and 15 F2t-lsoPM (both generated from damage to lipid structures). Again there is no 
relationship between 8-lsoprostane F2a and 15 F2t-lsoPM in terms of the concentration of 
the marker excreted into the urine, but the variations in which both biomarkers are excreted 
from the urine are similar (see Figure 20, Results). These results may suggest that at a given 
certain exercise intensity, cellular structures all undergo a similar magnitude of free radical 
attack, no matter where their location in the cell and therefore variations in their 
concentrations at any given time point would be similar. 
How each cellular structure 'copes' with this free radical attack may account for the 
differences in concentrations of the markers analysed, but may also be explained by the half 
life of each metabolite and whether it is at the end of a reduction pathway or not (for example 
8-lsoprostane F2a is further reduced to 15 F2t-lsoPM, so quantifying the actual amount of 8-
lsoprostane F2a generated in vivo is difficult). Membrane lipids would perhaps be expected to 
be more vulnerable to immediate free radical attack by for example, oxidative bursts from 
neutrophils, during exercise, than the intracellular nucleic acids and if this were so, there 
would be larger quantities of 8-lsoprostane F2a produced relatively to 8-0HdG. However the 
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magnitude of 8-0HdG, a marker of free radical damage to the DNA guanosine bases was 
excreted in the urine in much higher concentrations than 8-lsoprostane F2a. Within the cell , 
the DNA bases are attacked by large amounts of reactive oxygen species produced via the 
mitochondria during high intensity, prolonged aerobic exercise. Therefore, both cellular 
structures (membrane lipids and DNA) are undergoing free radical attack, generated via a 
variety of metabolic processes, during exercise. The results may indicate that the DNA is 
more vulnerable to the free radical attack than the membrane lipids and thus, undergoes 
more sustained damage, hence the greater concentrations of 8-0HdG. This may certainly be 
true of mitochondrial DNA (mtDNA) that is very susceptible to free radical attack, not only due 
to its proximity to the superoxide anion produced during mitochondrial respiration, which as 
explained in the introduction, increases during exercise, but also because mtDNA lacks the 
protective proteins that are possessed by nucleic DNA (nONA), further increasing its 
susceptibility to free radical attack. Another reason that 8-0HdG may be found in larger 
quantities in the urine than 8-lsoprostane F2a could be because once produced 8-0HdG is 
stable and does not reduce into further metabolites (Loft eta/, 1993). However, as previously 
mentioned, 8-lsoprostane F2a however, is the parent compound to 15 F2t-lsoPM and 
therefore it is difficult to determine the total amount of 8-lsoprostane F2a produced in vivo, 
before it further reduces to 15 F2t-lsoPM. It could however, be equal to, or exceed that of the 
8-0HdG. The production of higher concentrations of 8-0HdG than 8-lsoprostane F2a may in 
part support the theory proposed by Miguel (1992) that free radical damage to DNA, 
particularly mtDNA could be greater and more significant than that to membrane 
phospholipids, although this theory assumes damage to only mitochondrial structures rather 
than the total damage to the cell as a whole. 
4.1.2 Conclusions from Study One 
The results of Study One agree in many respects with findings from previous research that 
exercise causes increases in free radical production (Pedersen eta/, 1999; Sugiura eta/, 
2001; Leaf eta/, 1997; Hsu eta/, 2002). One difference of this study was that a greater variety 
of intensities of exercise were used in the research design than in many other studies on free 
radical production in exercise. In terms of aerobic exercise, many past studies have simply 
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used a 'form' of exercise such as a sport or long distance running as the exercise 'intensity' 
(Nieman eta/, 2001 ;Margaritis eta/, 1997) rather than an individual measure of exercise 
duration and intensity (V02 Max). Of those studies that have looked at measured intensity 
and duration in exercise and free radical production the comparison has often only been 
between two measures of intensity. This study measured intensity as accurately as possible 
according to the subject's individual fitness (by use of the V02 Max test) and also measured 
four exercise intensities, in order that any possible exponential elevations in free radical 
production at a certain exercise intensity would hopefully be more clearly demonstrated. Past 
research has also not measured as many closely timed sample points (either urine or plasma 
samples) as this study has, but instead many studies show results of free radical production 
as a 24 hour measurement (Poulsen eta/, 1996; Lee eta/, 2001 ). Measuring markers of free 
radical production as a single 24 hour sample, does not show the rate of removal of these 
products from the body, which may overlook specific time points following exercise where the 
body sustains greater damage from free radical attack. Indeed, the results from analysis of all 
of the markers of free radical damage measured in this study, showed a 'pattern' of removal 
of the free radical products from the body and distinctive time points where greatest free 
radical damage to lipids and DNA appears to have occurred. 
Another difference between the present study and those of others measuring free radical 
markers and exercise is the use of marker for measuring free radical attack to membrane 
lipids. Often Malondealdehyde (MDA) has been used as a marker of free radical mediated 
membrane lipid damage but measurement of this marker has been shown to have inherent 
problems with unspecificity (Leaf eta/, 1997), whereas 8-lsoprostanes have been found to 
produce reliable results due to the stable isotopes (Burke et a/, 2000) particularly when 
measured in urine. Finally the use of urine rather than plasma is less invasive and this 
created greater response in participant recruitment. 
The results from the research in Study One indicate that the duration of exercise seems to be 
the primary factor in determining level of free radical production. Between exercise intensities, 
there were sometimes, but not always, significant differences in markers of free radicals in the 
urine. The exercise performed for the shortest period of time (1 00% V02 Max), even though 
111 
at the highest possible exercise intensity, produced lowest quantities of free radical products 
in the urine in all situations for all subjects studied. Moreover, in the majority of subjects there 
was a significant difference in production of free radical products in the urine between 
exercise at maximal intensity (100% V02 Max) and all other exercise intensities. That the 
duration of exercise plays a major determining factor in the production of free radicals, is 
indicated by the fact that that maximal exercise in short durations (15 minutes) often produced 
significantly less markers of free radical damage in the urine than exercise at 55% V02 Max 
for thirty minutes. This finding conflicts with previous research that proposes increases in free 
radical production in acute exercise as well as prolonged exercise (Leaf et al, 1997; Alession 
et al, 1999). 
The study also illustrates that the intensity of exercise is influential on free radical production 
but is not as strong as the influence of duration. Studies have shown an elevation in free 
radical production following intense and even moderate exercise and results from Study One 
support this. For example in a study testing the effect of exercise intensity on lipid 
peroxidation, Leaf et a/ ( 1997) found that markers of oxidative stress (Malondealdehyde and 
pentane) increased following submaximal exercise. Also in agreement with the findings of 
other research is the fact that higher intensities of exercise generally produce larger quantities 
of free radicals, although a significant difference in markers of free radical damage produced, 
between different exercise intensities was only found after exercise was performed at 75% 
vo2 Max or more (markers offree radical induced lipid damage and DNA damage) and as 
explained previously, 100% V02 Max produced the lowest levels of free radical products. 
Following anaerobic exercise, levels of markers of free radical damage to membrane lipid 
were as high as for aerobic exercise at 85% V02 Max. The mechanisms for production of free 
radicals in anaerobic exercise are not the same as for aerobic exercise but show that even 
though this form of exercise is largely devoid of oxygen metabolism, the hypoxic environment 
of the muscles can intensify free radical production significantly in comparison to baseline 
measurements (as explained in section 4.1 ). 
The health benefits of regular exercise are well known, particularly benefits to cardiovascular 
health. But the definitions of optimal exercise are unclear, many sports and exercise activities 
are performed at high intensities and durations and research has shown that too much 
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exercise can be detrimental to health, particularly as seen by modifications in immune 
response found at extreme levels of exercise. This has been demonstrated by Hsu et al 
(2001 ), who found that at exercise at an intensity of greater than 60% V02 Max, lead to 
impaired leukocyte function and an increase in apoptosis of lymphocytes. 
Free radical production plays a part in the health risk that acute and prolonged exercise may 
exert, with their ability to induce damage and modification to cellular structures and function. 
The results from Study one support past findings that endurance and high intensity exercise 
can lead to free radical mediated lipid and DNA damage, (when performed at intensities of 
over 75% V02 Max). 
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Chapter Two 
4.2 Study Two- Free Radical Production in Competitive Free Diving 
The aim of Study Two was to determine if exercise under situations where physiological 
stress might be high (in this case free diving) would have an impact on the rate of oxidant 
production in the body. During exercise the body undergoes a variety of physiological 
changes to adapt to the 'stress', including changes in cardiovascular output, endocrine and 
hormonal responses and energy metabolism (changes in substrate use for energy production, 
for example acute exercise demands immediate energy and therefore phospocreatinine 
would be used to produce energy, whereas during low intensity exercise fat metabolism 
would be the source of energy). Research has shown that when humans exercise under 
extreme environmental conditions; for example, extreme heat, cold or altitude, that these 
physiological adaptations are more pronounced (Kanter, 1994), as the body is not only 
adapting to the exercise but also to the environment. 
Free diving promotes the 'mammalian dive reflex' in humans leading to profound physiological 
adaptations. However, whether changes in physiology resulting from such adaptations are 
able to induce an increase in oxidant production remains to be seen , as at the time of starting 
the present study, there are no studies investigating the effects of free diving on free radical 
production in the human body. Although there are studies conducted on free radical 
production and diving, these were using air divers and not free divers (Lemaitre eta/, 2002; 
Bearden eta/, 1999). Therefore, no parallel data are available for comparison. 
4.2.1 8-lsoprostane F2a production in Free Diving 
8-lsoprostane F2a was analysed in urine samples taken at five time points, including a 
baseline (pre-exercise) sample.( An explanation of why there was a limit of five samples can 
be found in the methods}. Overall 8-lsoprostane F2a in urine dropped slightly in 
concentrations to below that of the baseline measurement at one and three hours post 
exercise. This was followed by a large increase in concentrations at six hours post exercise. 
However, in individual free dive events the results differed and the rate of excretion of 8-
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lsoprostane F2a into the urine (concentration of 8-lsoprostane F2a at different time points) 
was variable. In the dynamic free dive event (diver swims the length of an Olympic sized 
swimming pool, totally bodily immersed, as many times as possible on one breath), 8-
lsoprostane F2a appeared to be produced in moderate amounts to begin with, increasing 
very slightly from the baseline value, however at six hours there was a large increase in 
concentration (six and a half fold increase). 
In the Constant Weight event (diver dives in apnoea to at least 50m in open sea with the use 
of a weight, which must be brought back to the surface) urinary 8-lsoprostane F2a deviated 
only slightly from the baseline measurements and showed the largest concentrations at nine 
hours and the lowest at six hours, in contrast to the dynamic event. Concentrations of the 
biomarkers were similar to those produced in the Dynamic event and there was no significant 
difference between the 8-lsoprostane F2a results for these two events. 
The Static event (diver floats face down in a swimming pool with face and front half of body 
immersed and breath holds for as long as possible) produced the highest concentrations of 8-
lsoprostane F2a in the urine, with one of the individuals producing an extremely large amount 
at six hours (although this individual produced high concentrations of urinary 8-lsoprostane 
F2a for all samples taken). 
4.2.1.115F2t-lsoPM production in Free Diving 
Urinary concentrations of 15F2t-lsoPM in all of the free dive events were much greater than 
urinary 8-lsoprostane F2a concentrations. In both the dynamic and constant weight events, 
urinary concentrations of 15F2t-lsoPM were greatest at one hour and nine hours post 
exercise, although there was a large out put at six hours also for the dynamic event. The 
static event yielded a different set of results with a steady increase in concentrations at one 
and three hours but a very large increase at six hours post dive. 
The static event produced the greatest concentrations of 15F2t-lsoPM in the urine. The 
concentrations of 15F2t-lsoPM when compared to the parent compound 8-lsoprostane F2a 
are two to three fold higher, meaning there must be a significant secondary pathway for 
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15F2t-lsoPM production, other than free radical attack on arachidonic acid (AA), during dive 
conditions. 
Not only did 8-lsoprostane F2a and 15F2t-lsoPM differ in urinary concentration but they also 
differed in concentrations in the different events. The static event produced considerably 
larger concentrations of both 8-lsoprostane F2a and 15F2t-lsoPM than the dynamic or 
constant weight event. This may be purely due to variations in each individual's metabolism, 
although the same effect was found in all subjects analysed for this event. Or the differences 
may results from difference physiological adaptation required to cope with each type of event. 
The mammalian dive reflex will have been triggered by all three events as the body was 
immersed in cold water. Therefore the adaptive responses that followed will have occurred to 
some extent in all subjects. But the very different nature of each event may explain some of 
the variety in the production of the markers of free radical damage. For example, during the 
present study, free divers competed in three different events in two different environments, 
namely a swimming pool and the open sea. The swimming pool recorded a temperature of 
between 12 ° C and 15 ° C and out in the open sea, the surface temperature of the water was 
between 5 ° C and 8 ° C. These temperatures fall well below the thermoneutral temperature 
needed in order for the human body to maintain stable core temperature and thus the divers, 
immersed in these waters, will have experienced thermal drain (loss of core temperature) . 
The colder the water, the more rapid the thermal drain. Water conducts heat approximately 
twenty five times more efficiently than air and so hypothermia is a much more likely in cold 
water (Powers and Howley, 1997). Of course, free divers are protected from hypothermia by 
wet suits and this allows for greater immersion time. However, it must be noted that, the 
insulation properties of wet suits decrease with depth due to compression of the trapped air, 
therefore, in the Constant Weight event where divers are swimming to depths of at least 50 
metres, the insulation of the wet suit will not be as efficient as in both the Static and Dynamic 
events where divers are either only partially or minimally submersed beneath the water. 
Exercise increase also decreases the efficiency of wet suit insulation as there becomes a 
greater surface area for heat loss to occur (Park eta/, 1983). 
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The mammalian dive reflex is believed to be triggered in humans in water temperatures of 
varying degrees, but the main factor is that the water temperature should be lower than the air 
temperature (Schagatay and Holm, 1996) and this was applicable to all the dive events. 
The dynamic event only involved minimal submersion beneath water that had a moderate 
rather than cold temperature (approximately 15°C). Secondly, the duration of breath hold 
was not particularly long (approximately three minutes) but the exertion of swimming the 
length of the pool was substantial. Therefore, the body is performing exercise without the 
necessary intakes of oxygen after the primary anaerobic source of creatinine phosphate has 
been depleted. Therefore the main source of physiological stress was exercising without 
oxygen, representing exercise at an extreme of 'anaerobic exercise' 
The Constant Weight event involved submersion of approximately 50-90 metres in cold water. 
The duration of apnoea (breath hold) was longer (Approximately 4 minutes) but exercise 
exertion was lower than in the dynamic event. However an additional factor was the increase 
in absolute atmospheric pressure, which for all subjects would have increased over 4.5 times, 
as they dived. This would have triggered the profound physiological adaptations described in 
the introduction, including alterations in the distributions of the blood (blood shift) and major 
dilation of the central cerebral brain artery (Lin, 1988; Schagatay, 1991 , Moore eta/, 1972). 
The physiological stress factors in this event were exercise, an increase in atmospheric 
pressure, lack of oxygen and decrease in temperature. 
The static event is very different to the other two events as there is no complete bodily 
submersion beneath the water, only the face and front of the body is submerged and the 
competitor floats on top of the water. Therefore there is no exercise to act as a source of 
physiological stress; the only stress is the apnoea and lower water to air temperature. 
Moreover, because the competitor is not exercising, the oxygen demand of the body is much 
lower, therefore apnoea can be sustained for longer than with the other two events. 
Participants were frequently holding their breath in excess of five minutes, this is considerably 
longer than for the other two events (One competitor held his breath for 8 minutes and 3 
seconds during practice sessions). 
Even with no exercise as a source of stress, this event produced the highest urinary 
concentrations of 8-lsoprostane F2a and 15F2t-lsoPM. This suggests that the duration of the 
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breath hold has a large influence on oxidant production, because if apnoea is sustained for a 
greater length of time, the body is starved of oxygen for longer and this could cause a greater 
production of free radicals. 
The increase in free radicals following an extended period of hypoxia will occur upon re-
oxygenation, known as ischemia-reperfusion. lschemia-reperfusion injury can cause damage 
to mitochondria, membrane lipids and the immune system. This is due to the increase in free 
radical production. Due to the acidic environment caused by the ischemia, phospholipase 
activity is reduced and thus there is a decrease in use of fatty acid metabolism (largely 
arachidonic acid (AA)). However, during reperfusion, as oxygen is restored this is reversed 
and AA is rapidly released by phospholipases. During reperfusion injury, neutrophils have 
been found to dramatically increase superoxide production. This can lead to the damage of 
not only the newly released fatty acids but also to the immune cells themselves. Research 
has found that, particularly with short-term hypoxia, such as will occur during the dives, the 
reperfusion injury is greater than the injury imposed by the hypoxia. 
In the Static event the state of apnoea and the submersion of the face in cold water, is 
enough to trigger the dive reflex and cause bradycardia and a dilation of the central cerebral 
artery of the brain. How pronounced this is in the absence of exercise is unclear, but 
bradycardia has been shown to be more pronounced during exercise (Lin, 1988) and 
bradycardia is a main physiological adaptation to diving that helps in the conservation of 
oxygen. The fact that the Static event involves no exercise, may impact on the strength of the 
dive reflex response. The strength of the dive reflex response that occurs during the Static 
event, may also in part explain the higher concentrations of free radical markers of lipid 
damage found in the urine analysed. 
For example, dive reflex adaptations such as bradycardia and fluid shifts are 'protective' and 
part of the body's defence against dive-induced hypoxia. When a diver descends below 10 
metres, atmospheric pressure increases and pressure on the chest cavity causes the lungs to 
be squeezed and decrease in size. Consequently, blood flow into the chest cavity increases 
and this triggers an increase in cardiac stroke volume, which feeds the sensitive brain and 
heart muscle with oxygenised blood. However, when performing the Static dive event, the 
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dive reflex is triggered but as there is no submersion in the water, there is no increase in 
atmospheric pressure and no 'lung squeeze'. The lungs therefore remain at their normal size 
and there may not be same fluid shift as there is when a diver has descended below 1 0 
metres in the water. Therefore, there should be less of an effect on stroke volume and 
bradycardia than if the diver was under greater atmospheric pressures (please see the 
introduction for a more in depth explanation of the dive-reflex) . If this were true, it would 
indicate that the greater the descent, the greater the dive reflex adaptations to allow the diver 
to remain submerged, due to the greater stress of the surrounding environment on the body. 
Research by Andersson and Schagatay, (1998) demonstrated that arterial oxygen saturation 
decreases less during a strong dive reflex, (which appears to occur after a deep dive), than 
after a weak dive reflex (after a shallow dive). Therefore, in the Static event, where there is no 
full body submersion, may mean oxygen is used more rapidly. 
The greater production of markers of free radical mediated membrane lipid damage in the 
Static event, therefore suggest that less free radical mediated injury to cells occurs during 
exercise and when the body is fully submerged in the water. Without exercise and full body 
submersion, one suggestion could be that the Static event may pose a greater risk to the 
body than the dive events that are accompanied by exercise. The results from the static event 
indeed correlate well with the research by Andersson and Schagatay (1998) and Lin, (1998), 
that suggest that deeper dives and exercise provide more protection to the body, via a greater 
dive reflex response. 
Although the mechanisms that promote the dive reflex are still not fully understood, most 
research agrees that it is a combination of factors that trigger how great the reflex response 
is. Contradictory to the research suggesting that the greatest dive reflex occurs following a 
deep dive, the research of others (Hiebert and Burch, 2003; Reyners eta/, 2000) suggests 
that the chilling of the face during breath hold is enough to elicit a full dive response. If this 
were true, then the Static event should have induced a full dive response, particularly as the 
water temperature was lower than the ambient air temperature. Indeed, all three free dive 
events should have elicited a full dive response, as the water temperature was lower than air 
temperature for all and therefore the face will have been chilled. There were differences in 
water temperature for each event. The highest water temperature was during the Dynamic 
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event (15° C) and the lowest was during the Constant weight event (8° C). If the lowest water 
temperature produces the greatest dive response, then it would be expected that the water 
temperature during the Constant Weight event would help to induce the greatest dive reflex. 
ROS production during this event was lower than compared to the Static event, where water 
temperatures were higher (12 o C). However, ROS production following the constant weight 
event was comparable with that of the Dynamic event, where water temperatures were the 
highest. However, the differences between air and water temperature per event were not 
recorded and this may also effect how pronounced the initial dive response is. 
Furthermore, research from several authors suggests that the dive reflex is not fully activated 
immediately but rather, increases with duration of apnoea (Schagatay et a/, 2000). This would 
suggest that the Static event would produce the greatest dive reflex response, as apnoea was 
sustained for almost twice as long as in the Dynamic and Constant Weight events. Each dive 
event therefore, involves variables that could determine a weak or strong dive reflex. As 
research so far has determined that it takes a combination of variables to induce a strong dive 
reflex, it is not possible to determine which event would have produced the greatest dive 
reflex response. 
What should not be assumed however is that just because a full dive reflex may be more 
effective at preserving the vital organs during a dive in apnoea than a weak dive reflex, that it 
would necessarily lead to a smaller production of free radicals. Indeed, as previously 
mentioned, research has suggested that following brief bouts of hypoxia, the reperfusion 
injury can induce more damage to cells than the hypoxia itself. In such cases, ichemia-
reperfusion injury may be greater following a full dive reflex response, where there has been a 
large amount of peripheral vasoconstriction. 
4.3 Conclusions from Study Two 
It is difficult to pinpoint why one free dive event may have produced greater quantities of 
urinary concentrations of free radical biomarkers than another when each pathway of free 
radical production in diving has not been individually investigated and as this is an 
unresearched area, there are no comparative studies. But from knowledge of the 
physiological adaptations that occur during diving, certain suggestions can be made. Free 
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radical production in diving may be triggered by a number of responses that would not occur 
in exercise out of water, such as bradycardia and peripheral vasoconstriction and by other 
responses to exercise that can occur out of the water, such as anaerobic metabolism and 
increases in cardiac loading. And as with all metabolic and physiological responses to 
stimulus, this will be highly individual and unique to each diver. As adaptive physiological 
mechanisms to exercise out of water have the ability to increase free radical mediated 
damage to cellular structures (such as in endurance exercise), then it seems logical to 
assume that the pronounced physiological adaptations of the dive reflex response can also 
elicit greater free radical production than occurs at when an individual is at rest. 
It is beyond the scope of this study to conclude on whether a strong dive reflex would 
influence a greater production of free radicals, due to the pronounced physiological 
adaptations, or whether a weak dive reflex could induce free radical production due to the 
lack of protection afforded by a strong dive reflex, but how pronounced the dive reflex is 
during a particular free dive event may well effect the rate of free radical production. 
The results of this study show greater free radical mediated damage to cellular phospholipids 
following all free dive events when compared to baseline measurements and this was seen in 
particular in the Static event. It can therefore be concluded that in this study free diving had 
the ability to generate an increase in free radical production. 
This discussion has highlighted some of the reasons why the Static event may have induced 
the greatest ROS production. The most likely of these reasons is that the breath hold is much 
longer during the Static event than in either the Dynamic event or the Constant Weight event 
and therefore free radicals are produced in greater quantities as a result of the greater 
duration of hypoxia experienced by the body. 
This research has raised many questions that could be the used to base further research . The 
dive reflex has been well studied over the past 20 years, but not in relation to over-all body 
toxicity and free radical production. Measuring the length of breath-hold and/or dive reflex 
response in relation to free radical production could help us better understand the long term 
consequences of the hypoxia divers frequently experience. Measuring the extend of fluid shift 
and duration of hypoxia in relation to free radical production, perhaps in comparison to 
121 
apnoea out of water, could shed light on how a full or partial dive reflex response can 
generate free radicals. Further research would require measurement of adaptive responses 
(heart rate, circulatory changes etc) in parallel with markers of free radical mediated damage 
and also water temperature, water depth, exercise stimulation and duration of apnoea. 
4.3.1 Conclusions from Study One and Study Two 
Both studies have shown that the magnitude of free radical production is very unique to each 
individual. Comparison of urinary 8-lsoprostane F2a for both studies showed similar 
concentrations, with peaks in concentration at 6 hours for both studies. The peaks in 
concentration were similar until the 6 hour sample, at which point Study Two produced a 
much higher magnitude of urinary 8-lsoprostane F2a than Study One. 
15F2t-lsoPM was also produced in higher quantities in Study Two than in Study One and 
production rates (concentration at each sample time point) showed little similarity. Free diving 
therefore produced higher levels of markers of lipid peroxidation than aerobic exercise. 
As Study One produced lower concentrations of both 8-lsoprostane F2a and 15F2t-lsoPM 
than Study Two, this may suggest that free diving produced greater concentrations of markers 
of lipid peroxidation due to a greater physiological stress endured by the body when free 
diving, in comparison to high intensity aerobic exercise (particularly due to hypoxia). The 
difference in concentrations of the markers of lipid peroxidation between the two studies may 
also indicate that there may be a difference in the susceptibility of arachidonic acid and 
linolenic acid to free radical attack under different exercise parameters and environmental 
conditions. It is known that 8-lsoprostane F2a is generated as a result of free radical attack to 
arachidonic acid and that 15F2t-lsoPM is the single metabolite of reduction of 8-lsoprostane 
F2a. 15F2t-lsoPM may also be derived from free radical attack to y- linolenic acid (Burke et 
a/, 2000) . Substrate use during exercise, (for example such as the extent to which aerobic 
and anaerobic exercise occurs and the use of different substrates for energy production in 
different types of exercise), may influence or increase each of these pathways, due a possible 
ability to generate increased production of free radicals. However, at the time of writing, little 
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is know about the effect of any substrate modification on the production of 8-lsoprostane F2a 
and 15F2t-lsoPM. 
A similar finding between the two studies was the sustained increase in adrenaline production 
post exercise and post dive. Both studies showed that adrenaline decreased by one hour post 
dive and then increased again between 3 and 6 hours post dive. This is very likely to be due 
to the influence of catecholamines in modulation of the immune system, following exercise 
and also due to the role of adrenaline in preparing the body for physiological adaptations to 
exercise and dive reflexes. 
The main findings of the two studies, were that urinary markers largely showed no significant 
differences at each sample time point 'within' each exercise variable; but rather showed a 
'pattern ' of concentration changes that was common amongst all three urinary markers of free 
radical production. However 'between' exercise variables (for example, differences in 
concentration of 8-lsoprostane F2a at 85% V02 Max and 75% V02 Max) , significant 
differences were frequent and high intensity (but not maximal) exercise produced the highest 
concentrations of all the urinary markers analysed. This aim of the research for both studies 
has been fulfilled, as both studies were able to demonstrate significant differences in free 
radical production under certain exercise variables. In study one, a significant increase in 
markers of free radical damage to both membrane lipids and DNA bases was demonstrated 
at an exercise intensity of 85% V02 Max, when compared to baseline measurements and all 
other exercise intensities measured. In study two, a significant difference in markers of free 
radical damage was observed in the Static event, when compared to baseline measurements 
and when compared to the other two free dive events. Although the two studies were quite 
different, both studies show that the analysis of urinary markers sampled at multiple time 
points and against different exercise variables can be useful in establishing the level of free 
radical production in exercise of any given intensity or duration. The measurement of markers 
of free radical damage to cellular structures has was also proven effective (in Study Two) in 
demonstrating the physiological stress endured by the body when exercising under an 
extreme environmental condition and further research in this field may help to give insight into 
both the short and long term consequences of exposing the human body to extreme 
environmental conditions. 
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Additional Graphs. 8-lsoprostane F2a levels for each subject. 
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